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ABSTRACT

The purpose of this dissertation is to provide a new and improved analytical methodology
for the analysis of polycyclic aromatic hydrocarbons (PAHs) and polycyclic aromatic sulfur
heterocycles (PASHs) in environmental samples. Hundreds of PAHs and PASHs are present in the
environment and have great toxicological importance and the chemical determination of these
components is a priority. The complete normal-phase liquid chromatography (NPLC) retention
behavior has been explored for these compounds. Retention indices were determined for 124
PAHs, 62 methyl-PAHs (MePAHs), 67 PASHs, and 80 alkyl-PASHs on an aminopropyl (NH2)
stationary phase which represents the most comprehensive study of polycyclic aromatic
compounds in normal phase conditions to date. NPLC retention behavior for PAHs and PASHs
directly correlated to the total number of aromatic carbons in the parent structures.
The normal-phase retention behavior information was used to develop an NPLC
fractionation procedure to aid in the sample cleanup for complex environmental matrices which
can later be analyzed by gas chromatography/mass spectrometry (GC/MS). Standard Reference
Material (SRM) 1597a (complex mixture of PAHs in coal tar), SRM 1991 (coal tar/petroleum
extract), and SRM 1975 (diesel particulate extract) were analyzed before and after NPLC
fractionation by using GC/MS. In SRM 1597a, the NPLC-GC/MS method allowed for the
identification of 72 PAHs, 56 Me-PAHs, 35 PASHs, and 59 alkyl-PASHs. The NPLC-GC/MS
procedure also provided the tentative identification of 74 PAHs and 117 MePAHs based on the
molecular ion peak only. Furthermore, this method allowed for the following identification
breakdown: SRM 1991–31 PASHs and 58 alkyl-PASHs; and SRM 1975–13 PASHs and 25 alkylPASHs.
iii

Additional work related to the NPLC fractionation of SRM 1597 included the collection of
room-temperature fluorescence spectra for the 21 PAHs with molecular mass (MM) 302 Da known
to be in SRM 1597a during reversed-phase liquid chromatography (RPLC) separation. Adding
spectral features to a chromatographic run provided the tentative identification of 20 PAHs based
on retention times and the presence of 18 were confirmed on the basis of spectral profiles. The
advancements in liquid chromatography presented in this dissertation via NPLC fractionation
along with RPLC stop-flow fluorescence spectra collection shows potential for becoming routine
methodologies for PAC determination in complex environmental samples.
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INTRODUCTION
1.1

Polycyclic aromatic compounds
Polycyclic aromatic compounds (PACs) are a class of environmental pollutants that have

been identified as potential toxicants and studies have shown that exposure to some of these can
lead to an increased risk of cancer.1-3 PACs often exist in complex mixtures of condensed multiring benzenoid compounds that originate from natural and anthropogenic sources which range
from volcanic activities4 and forest fires5-7 to incomplete combustion of motor vehicle exhaust8
and fossil fuel discharge.9
A subclass of PACs, polycyclic aromatic hydrocarbons (PAHs), has been at the forefront of
studied aromatic compounds for many decades due to their highly carcinogenic and mutagenic
properties.1-3 A large variety of PAHs have been identified in combustion-related samples such as
coal tar,10-17 crude oil,18-19 and diesel particulate.20 The U.S. Environmental Protection Agency
(EPA) developed a Priority Pollutants list of 126 compounds, 16 of which are PAHs that are
considered “Consent Decree” priority pollutants. The list of EPA-PAHs includes compounds that
range from molecular mass (MM) 128 to 278 Da.21 Their molecular structures are shown in Figure
1.1.22 EPA-PAH isomers with the same molecular weight include anthracene and phenanthrene
(MM = 178.23); fluoranthene and pyrene (MM = 202.25); benzo[a]anthracene and chrysene (MM
= 228.29 Da); benzo[a]fluoranthene, benzo[k]fluoranthene and benzo[a]pyrene (MM = 252,31 Da)
and benzo[g,h,i]perylene and indeno[1,2,3-cd]pyrene (MM = 276.33 Da).

1

Figure 1.1 Molecular structures of EPA-PAHs.
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1.2

Toxicity of polycyclic aromatic hydrocarbons
The toxicity of PAHs has been well studied over the past few decades. Human exposure to

PAHs include food consumption, contaminated water sources, polluted air, and dermal
absorption.23-30 In order to assess health risks and prevent human exposure to PAH contamination,
the U.S. EPA recommends the routine monitoring of the 16 PAHs included in its priority pollutants
list. Since the level of toxicity varies drastically within the EPA priority pollutants list, it is always
preferred to determine the concentrations of the 16 EPA-PAHs in each analyzed sample. Current
EPA methodology for the analysis of PAHs in environmental samples follows the general pattern
of sample clean up and pre-concentration, and high-performance liquid chromatography (HPLC).
Single wavelength ultraviolet–visible absorption and room temperature fluorescence detection are
widely used with high-performance liquid chromatography (HPLC). Since PAH identification is
solely based on chromatographic retention times, both detection modes require complete
separation in the chromatographic column. The analysis of complex samples, therefore, often
requires further analysis of HPLC fractions via gas chromatography–mass spectrometry (GC-MS).
Analysis times of two to three hours per sample are typical, and standard must be run periodically
to verify retention times. If the concentrations of EPA-PAHs are found to lie outside the detectors’
responses, samples must be diluted or pre-concentrated and the process repeated. These are
important considerations when routine analysis is under the scope.
Many cases exist where the high cost and the rather long analysis time prevents the fullblown chromatographic analysis of the 16 EPA-PAHs. Since benzo[a]pyrene (BaP) is the most
carcinogenic PAH in the EPA list, its concentration alone is often used as a measure of risk. The
relatively high toxicity of BaP correlates to presence of a bay region in its molecular structure (see
Figure 1.2).31
3

Figure 1.2 Molecular structure for benzo[a]pyrene.
Bay regions in polycyclic aromatic compounds refers to space created between the fusion
of two saturated angular aromatic rings (carbons 10 and 11 for BaP).32 It is well documented that
the outside ring of the bay region is highly reactive and metabolic formation of diol-epoxides is
likely.33 The metabolism of BaP forms 7,8-dihydro-7,8-dihydroxybenzo[a]pyrene-9,10-oxide with
four major conformations with (+)-anti-trans-7R,8S,9S,10R-diol-epoxide as the dominant final
product (Figure 1.3).34

Figure 1.3 Metabolic reaction of BaP.


Adapted with permissions from Xue, W.; Warshawsky, D., Metabolic activation of polycyclic
and heterocyclic aromatic hydrocarbons and DNA damage: a review. Toxicology and applied
pharmacology 2005, 206 (1), 73-93. Copyright 2005 Elsevier.
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Studies have indicated that the molecular conformation of the BaP diol-epoxide
metabolites govern the reactivity towards DNA nucleic acid sites.35 It is predicted that formation
of the diol-epoxides through conformer I in Figure 1.4 is too bulky to insert into DNA which
explains why only conformer II diastereomers for BaP diol-epoxides are carcinogenic.36 The
dominant BaP diol-epoxide metabolite product is formed through conformer II and conceivably
explains why the major metabolic pathway for BaP leads to a highly active DNA adduct. Other
EPA-PAHs have been shown to produce more balanced percentages of each stereoisomers which
limits the total number of metabolites formed through conformer II. This helps predict the relative
toxicity capabilities in comparison to BaP.

Figure 1.4 Possible PAH diol-epoxide metabolite conformers.



Adapted with permission from Cheng, S. C.; Hilton, B. D.; Roman, J. M.; Dipple, A., DNA
adducts from carcinogenic and noncarcinogenic enantiomers of benzo [a] pyrenedihydrodiol
epoxide. Chemical research in toxicology 1989, 2 (5), 334-340. Copyright 1989 American
Chemical Society.
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Formation of these reactive BaP metabolites corresponds to the degree of toxicity more so
than the parent compound itself. Therefore, the presence of bay regions can give only starting
indications of the relative toxicity of PACs. Of the 16 EPA-PAHs, 10 have bay regions in their
respective molecular structures with benzo[b]fluoranthene and chrysene both having two (Figure
1.1). However, the total number of bay regions do not appear to correlate to the degree of toxicity
as chrysene has been reported to have weak carcinogenic activity.37 Phenanthrene, the simplest
PAH with a bay region (3 rings), is generally accepted as a non-carcinogenic precursor. Studies
have indicated that the increased polarity of phenanthrene due to the formation of diol epoxide
metabolites limits the total carcinogenic reactivity. Therefore, the degree of toxicity strongly
depends on both the presence of bay regions along with the overall molecular shape.
It has been reported that the carcinogenic and mutagenic activity also strongly depends on
the level of nonplanarity.31, 38 The addition of various substituents may distort the parent structure
resulting in increased carcinogenic reactivity.39 As seen in Figure 1.5, benzo[a]anthracene (BaA)
is a planar four-ring PAH which is relatively noncarcinogenic. However, the addition of methyl
groups to the 7 and 12 aromatic carbon atoms changes the planarity of the compound and creates
a fjord region which is a bay region with either an additional fused ring or a methyl substituent on
the inside aromatic carbon (carbon 12 for BaA).40-41 The fjord regions are extremely sterically
hindered due to molecular crowding and forces specific diol-epoxide conformers. As described
above, conformer pathways play a significant role in the metabolite’s ability to covalently bind to
DNA.
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Figure 1.5 Molecular structures for benzo[a]anthracene and 7,12-dimethylbenzo[a]anthrancene.

Among the large group of PAHs, the heavy molecular weight (HMW)-MM 302 Da PAH
isomers is of extreme importance due to the presence of dibenzo[a,l]pyrene (DBalP), which is
roughly 100 times more toxic than BaP.42-43 The steric hindrance in the fjord region between
aromatic carbon atoms 1 and 14 in DBalP results in one of the most structurally distorted PAHs
(Figure 1.6).31, 44-45 Planar PAHs typically have a thickness (T) value of T ≈ 3.89 Å while DBalP
has a T value of 4.88 Å.22 For this reason, DBalP can form the aforementioned epoxide diols with
limited stereoisomer variations forcing the binding to DNA in the axial plane of the PAH. DBalP
also has a bay region between aromatic carbons 4 and 5. However, formation of the reactive
epoxide is preferred through carbons 13 and 14 due to the nonplanarity steric hindrance and overall
exposure of that respective aromatic ring. The epoxide exposure and the formation of the epoxide
diol in the axial plane drastically increases the ability to bind to DNA and potentially cause strand
breaks and mutations.
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Figure 1.6 2D and 3D molecular structures for DBalP.
Due to the improved comprehension of the relationship between carcinogenicity and the
characteristics of molecular shapes, the routine monitoring of environmental samples for the 16
EPA-PAHs is no longer sufficient for understanding the total carcinogenic behavior of the entire
matrix. It has been reported that HMW-MM > 300 Da from coal-fired residential heating
contributed to roughly 50% of the total carcinogenic effect during the exposure to mice.10, 46-47
Unfortunately, the low concentrations of HMW-PAHs in the environment along with an immense
amount of structural isomers poses issues for traditional analytical methodologies. To assess the
total carcinogenic behavior, it is imperative for methodologies to be capable of determination and
identification of specific PAC isomers with low limits of detection in environmental samples for
ecotoxicological and human safety purposes.



Adapted with permissions from Katz, A. K.; Carrell, H.; Glusker, J. P., Dibenzo [a, l] pyrene
(dibenzo [def, p] chrysene): fjord-region distortions. Carcinogenesis 1998, 19 (9), 1641-1648.
Copyright 1998 Oxford Academic.
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1.3

Polycyclic aromatic sulfur heterocycles
Polycyclic aromatic sulfur heterocycles (PASHs) are another class of PACs, however; they

have received far less attention despite being found to be carcinogenic and mutagenic similar to
PAHs.48-51 PASHs are thiophene based rings with additional conjugated benzene rings with the
following MM breakdown: three aromatic rings (MM = 184 Da), four aromatic rings (MM = 208
and 234 Da), five aromatic rings (MM = 258 and 284 Da), six aromatic rings (MM = 282 and 334
Da), and seven aromatic rings (MM = 306, 332, and 384 Da).52 Studies have determined the
presence of these PASH isomer groups in coal tar14, crude oils53-54, sediments53, 55, as well as air
particulate matter56. Currently, the National Oceanic and Atmospheric Administration (NOAA)
monitors dibenzothiophene and selective alkyl-PASHs (Figure 1.7) in sediments, tissue, and water
samples.57 There is urgency for accurate method development for the detection of PASHs due to
their photo-reactivity and toxicological effects in the environment such as production of acidic
rain.58-60 The determination of PASHs in complex natural mixtures are typically far more difficult
than PAHs because of the sulfur atom in the heterocyclic ring, which increases the total number
of possible isomeric compounds.

9

Figure 1.7 Molecular structures for PASHs monitored by NOAA.
1.4

Chromatography
Methods used to quantify PAHs in complex matrix samples at the National Institute of

Standards and Technology (NIST) have typically employed a combination of the following:
extraction, fractionation by normal-phase liquid chromatography (NPLC) or cleanup by solidphase extraction, and gas chromatography/mass spectrometry (GC/MS) and/or reversed-phase
(RP)-LC coupled to a fluorescence detector (FL). NPLC is now widely employed to separate
complex PAH mixtures into fractions using polar stationary phases: aminopropyl (NH2)15, 17, 61-64,
nitrophenyl (NO2)64, dihydroxypropyl propyl ether (Diol)65, aminocyano (NH2CN)66, and silica67.
GC/MS and RPLC-FLD methods have been used to determine PAHs in natural matrix SRMs for
over 40 years at NIST.68 The GC/MS approach typically requires analysis of extracts with various
stationary phases with different selectivity for PAHs to characterize the samples. The RPLC-FL
approach usually involves the separation of PAHs with a polymeric octadecylsilane (ODS) C18
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stationary phase, which has been shown to provide excellent separation of isomeric PAHs and
MePAHs based on shape of the PAH isomer.69-72

1.4.1 NPLC
Silica and alumina were the classical adsorbents used for decades with nonpolar solvents
in open column chromatography for the isolation of aliphatic and aromatic hydrocarbons
(including PAHs). However, because of high absorptivity and the influence of moisture content,
the use of these adsorbents for routine NPLC fractionation of PACs was unreliable. In the late
1970s with the emergence of chemically-bonded LC stationary phases, the use of polar
functionalized stationary phases in a NP mode became a viable alternative. Wise et al. introduced
the use of an aminopropyl (NH2) stationary phase for the separation and isolation of PAHs from
complex mixtures.73 Wise et al. investigated the retention behavior of 42 alkyl-substituted
benzenes and two-ring to five-ring PAHs on the NH2 phase and compared the retention
characteristics with classical silica and alumina data from the literature.73-75 They concluded that
with the NH2 phase… “when a nonpolar mobile phase such as n-hexane is used, a hydrocarbon
class separation similar to that obtained on silica and alumina is achieved, i.e., saturated
hydrocarbons elute before olefinic and aromatic hydrocarbons, and the elution volumes for the
aromatic hydrocarbons increase with the number of condensed rings.” In contrast to classical
adsorbents where the addition of alkyl groups to the aromatic ring generally increased retention,
they observed that the presence of an alkyl group had only a slight effect on retention, thereby
providing a more distinct class (aromatic ring) fractionation with more reproducible retention than
silica or alumina.73 Wise et al. attributed the retention behavior on the NH2 phase primarily to
“the interaction between the aromatic π electrons of the PAHs and the polar amino group of the
11

stationary phase.”. 73 Following this initial study, Wise et al. published additional NPLC retention
data, as retention indices, for 31 parent PAHs with two to six aromatic rings and 38 alkylsubstituted PAHs commenting that retention was “… based on the number of condensed aromatic
rings and on some steric considerations.”. 76 A later study focusing on six-ring PAHs of MM 302
Da reported the retention indices for 19 of these six-ring isomers.63
Since these initial studies reporting retention indices,73, 76 Wise and coworkers have used the
NH2 stationary phase extensively for fractionation of complex PAH matrices16-17, 63, 77-80 without
expanding the investigation of the retention behavior to a greater number of PAHs. However, the
original studies73, 76, 80 were incorrect in looking at the separation as based on increasing number
of condensed aromatic rings. In subsequent studies16-17, 63, 77-79 using the NH2 phase for PAH
fractionation, this concept changed to the retention being based on the number of aromatic carbons
rather than aromatic rings. May and Wise first stated that the retention of PAHs on the NH2 phase
was based on number of aromatic carbons, and they reported retention indices for seven deuterated
PAHs, which were used as internal standards in PAH fractions isolated on the NH2 phase.78 In
those studies, however, there was no formal evaluation or discussion of the retention based on
number of aromatic carbons.
Prior to our investigation, Wise et al. was only one of the few publications to report the
retention behavior of PASHs on the NH2 phase, which included 13 four-ring MM 234 Da catacondensed (cata-) PASHs, 10 five-ring MM 258 Da peri-condensed (peri-) PASHs, and 14 fivering MM 284 Da cata-PASHs.81
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1.4.2 GC/MS
Gas chromatography/mass spectrometry (GC/MS) has been the primary analytical
technique used for the determination of isomeric PAHs13-14,

61, 82-85

and PASHs53,

86-90

in

combustion-related samples. It is important to note that as the number of aromatic rings increases,
the number of theoretical isomers drastically increases which makes chromatographic separation
and identification difficult. While isomeric determination via GC/MS is a common analytical
approach, similar retention times with nearly identical mass fragmentation patterns of specific
isomer groups proves to be challenging for identification. Mass spectra for five MM 302 Da PAH
isomers are shown in Figure 1.8.91 PAC determination is typically achieved through a combination
of multiple GC methods using various stationary phases. Stationary phases that exhibit different
selectivity toward PAHs include a 5% phenyl-substituted methylpolysiloxane (phenyl-MPS)
phase, 50% phenyl-MPS phase, and/or 50% liquid crystalline dimethylpolysiloxane phase.10, 14-15,
17, 20, 61, 63, 92

For over a decade, NIST provided certified mass fraction values for PAHs in various

SRMs by employing at least two GC stationary phases along with RPLC/FL analysis. 14 Not only
are multiple stationary phases needed for adequate GC/MS measurements, GC oven temperatures
are programmed separately for HMW-PAHs which drastically increases the overall cost of
analysis (roughly 1.5 hours and 3-4 hours for low MW PAHs and HMW-PAHs, respectively).10
Due to the difficulties in isomeric determination, NPLC is typically used for fractionation purposes
of complex matrices before direct GC/MS and/or RPLC analysis to help eliminate coeluting PAH
isomers and reduce the overall cost of analysis.17, 63
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Figure 1.8 Mass fragmentation patterns for DBalP, DBaiP, DBaeP, DBahP, DBaeF, and DBafF.

1.4.3 RPLC
RPLC/FL is a popular separation technique and has been used for PAH determination for
many decades. Separation of nonpolar solutes such as PAHs is carried out on engineered polar
substrates such as ODS C18 particles.71 The retention behavior of nonpolar aromatic compounds
has been described by the 2D length-to-breadth (L/B) ratio and overall 3D shape of the solute.71,
93-94

While the dimensions of the PAH can give insight on retention behavior, variations in elution

times of individual compounds are observed within isomer groups exhibiting similar molecular
properties. Sander et al. contributed the variations to the modifications in substrate properties such
as particle and pore size during chemical production of the RPLC stationary phase.71
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RPLC separation selectivity on an ODS C18 column for rigid structures such as PAHs has
shown to vary from manufacturer to manufacturer. Differences in stationary phase synthesis
protocols can provide either monomeric or polymeric phase properties.71, 76, 95-96 While retention
behavior for freely rotating molecules do not change from monomeric to polymeric columns, the
rigidity of PAHs shows noticeable retention variations with polymeric proving to be highly shape
selective.71 NIST developed a Standard Reference Material (SRM) 869 which is a column
selectivity test mixture.71,

94

BaP, phenanthro[3,4-c]phenanthrene (PhPh), and 1,2:3,4:5,6:7,8-

tetrabenzonaphthalene (TBN) is used to assess column classification and phase characteristics due
to the elution order of these three PAHs. Monomeric columns have an elution order of BaP < PhPh
< TBN, while polymeric columns observe an elution order of PhPh < TBN < BaP.94 The shape
selectivity of reversed-phase C18 columns is often defined by the ratio between BaP and TBN (
αTBN/BaP ). Selectivity, represented by α, is defined by Equation (1.1). A αTBN/BaP ratio value of less
than 1 represents polymeric column characteristics.

𝛼=

𝑡𝑅2 − 𝑡0
𝑡𝑅1 − 𝑡0

(1.1)

Column characteristics have also been shown to slightly depend on mobile phase
composition. Figure 1.9 depicts the shape selectivity of SRM 869 using varying percentages of
acetonitrile (ACN), ethanol, and methanol in water.71 The selectivity tends to increase with
increasing organic components in the mobile phase.
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Figure 1.9 SRM 869 shape selectivity on monomeric and polymeric C18 columns (open and
closed symbols respectively) based on various organic mobile phase compositions. Methanol,
acetonitrile, and ethanol mobile phases are represented by triangles, circles, and squares
respectively. Dotted lines specify monomeric and polymeric selectivity classifications.
When purchasing a new C18 column, manufacturers will usually provide a
chromatographic separation of SRM 869 in ACN along with a 16 EPA PAH test mixture to show
the column characteristics and reproducibility. Wise et al. demonstrated the improved selectivity
of polymeric columns for PAH separation through investigating the retention behavior of over 100
PAHs using similar chromatographic conditions.63, 93 As seen in Figure 1.10, 12 MM 302 Da PAH
isomers were completely separated on a polymeric column.71



Adapted with permissions from Sander, L. C.; Wise, S. A., Shape selectivity in reversed-phase
liquid chromatography for the separation of planar and non-planar solutes. Journal of
Chromatography A 1993, 656 (1-2), 335-351. Copyright 1993 Elsevier.
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Figure 1.10 RPLC separation of 12 selected MM 302 Da PAH isomers on a polymeric (A) and
monomeric (B) C18 columns.
Furthermore, Wise et al. were successful at separating all 16 EPA PAHs using an ODS
polymeric column which is now specified for the routine determination of PAHs in EPA Method
610.63 With the vast number of PAH isomers ranging in carcinogenic reactivity, it is imperative to



Adapted with permissions from Sander, L. C.; Wise, S. A., Shape selectivity in reversed-phase
liquid chromatography for the separation of planar and non-planar solutes. Journal of
Chromatography A 1993, 656 (1-2), 335-351. Copyright 1993 Elsevier.
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utilize a chromatography method that demonstrates the best shape selectivity for unambiguous
isomer determination.
Unlike PAHs, reversed-phase liquid chromatography (RPLC) has played a far less
significant role in the determination of PASHs in complex mixtures.14, 97 However, Wilson et al.
have recently demonstrated the unique selectivity of RPLC on an ODS C18 stationary phase for
separating isomeric PASHs and their alkyl-substituted derivatives.52, 98

1.5

Fluorescence detection
Fluorescence detection is widely used in RPLC for the chromatographic determination of

PAHs due to high selectivity and low limits of detection (LOD).14, 17 However, peak identification
is typically only accomplished through retention time comparison with authentic reference
standards. While detection using selective excitation and emission wavelengths may be unique for
each PAH, the broad band effect of room-temperature fluorescence (RTF) is a major limitation.
Unknown concomitants in complex matrices may coelute along with RTF spectral overlap which
makes compound determination challenging.
In previous studies, unambiguous determination of PAH isomers in RPLC fractions has been
accomplished via low temperature Shpol’skii spectroscopy.12 This process requires RPLC
fractions to be reconstituted in an n-alkane solvent that matches the length of the PAH isomers,
i.e. MM 302 Da isomers are typically reconstituted in HPLC grade n-octane. Each fraction is
lowered to 4.2 K which has shown to drastically increase vibronic spectral resolution and
luminescence quantum yields.99-101 The collection of two-dimensional (2D) excitation and
emission spectra for PAH isomers in fractions provide an additional level of confirmation for PAH
identification. This dissertation explores the ability to collect 2D spectra of an unknown
18

chromatographic peak during the chemical separation of the complex matrix using a commercially
available HPLC detector.

1.6

Standard reference materials
NIST provides Standard Reference Materials (SRMs) for a variety of reasons such as

instrumental calibration, quality assurance programs, and to assess the overall accuracy of new
analytical techniques.68 As mentioned above, SRM 869 is used to assess the column characteristics
of reversed-phase C18 columns.71,

96, 102

NIST has also issued SRM 1647 Priority Pollutant

Polycyclic Aromatic Hydrocarbons which is a calibration solution for routine monitoring of the
16 EPA PAHs.71
In 1987, SRM 1597 was released as a Complex Mixture of Polycyclic Aromatic
Hydrocarbons from Coal Tar.14,

17

NIST initially certified concentrations of 12 PAHs with

reference values of 18 additional compounds.14 The measurements were based on a combination
of RPLC/FL and GC with flame ionization detection (FID). Since then, NIST has used improved
methodologies to certify SRM 1597 and release a new Certificate of Analysis (COA) which is
reissued as SRM 1597a. The recertification included certified mass fraction values and reference
mass fraction values for 80 PACs including 10 PASHs.14 The distribution of the MM isomer
groups for the non-substituted (parent) PAHs reported in the COA are as follows: MM 178 Da
(two), MM 202 Da (two), MM 226 Da (two), MM 228 Da (four), MM 252 Da (seven), MM 276
Da (three), MM 278 Da (seven), MM 300 Da (one), and MM 302 Da (17). Several recent studies
have extended the characterization of isomer groups in SRM 1597a to include PAHs with MM
326 Da and MM 328 Da.15,

61

In addition to the parent PAHs, a limited number of methyl-

substituted (Me)PAHs are reported in the COA for the following isomer groups: MM 192 Da (six),
19

MM 216 Da (four), and MM 242 Da (one). Certification of mass fraction values for SRM 1597a
were based on a combination of five different analytical protocols as detailed in Figure 1.11.12
Campiglia et al. also determined concentrations of MM 302 Da dibenzopyrene isomers in SRM
1597a via 4.2 K laser excited time-resolved Shpol’skii spectroscopy (LETRSS) of HPLC fractions.
SRM 1597a has been a staple in the PAH analysis community and continues to be one of the most
used SRMs for PAH method validation.12

Figure 1.11 Schematic diagram for the determination of certified mass fraction values of HMWPAHs in SRM 1597a.



Adapted with permissions from Wilson, W. B.; Alfarhani, B.; Moore, A. F.; Bisson, C.; Wise, S.
A.; Campiglia, A. D., Determination of high-molecular weight polycyclic aromatic hydrocarbons
in high performance liquid chromatography fractions of coal tar standard reference material 1597a
via solid-phase nanoextraction and laser-excited time-resolved Shpol'skii spectroscopy. Talanta
2016, 148, 444-453. Copyright 2016 Elsevier.
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1.7

Dissertation objectives
This dissertation discusses the complete NPLC retention behavior of over 300 PACs for

which a standard fractionation procedure of complex environmental matrices is developed. The
goal is to understand interactions between PACs and the aminopropyl stationary phase which helps
predict the relative retention times for these carcinogenic pollutants in unknown samples. NPLC
fractionation will also help eliminate coeluting isomers in GC/MS analysis of individual fractions.
In this case, GC retention times of reference standards along with mass fragmentation patterns will
allow for unambiguous determination of PACs.
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NORMAL-PHASE LIQUID CHROMATOGRAPHY
BEHAVIOR OF PAHS AND THEIR METHYL-DERIVATIVES ON
AN AMINOPROPYL STATIONRY PHASE

2.1

Introduction
Retention indices for 124 polycyclic aromatic hydrocarbons (PAHs) and 62 methyl-

substituted (Me-) PAHs were determined using normal-phase liquid chromatography (NPLC) on
an aminopropyl (NH2) stationary phase. PAH retention behavior on the NH2 phase is correlated to
the total number of aromatic carbons in the PAH structure. Within an isomer group, non-planar
isomers generally elute earlier than planar isomers. MePAHs generally elute slightly later but in
the same region as the parent PAHs. Correlations between PAH retention behavior on the NH2
phase and PAH thickness (T) values were investigated to determine the influence of non-planarity
for isomeric PAHs with four to seven aromatic rings. Correlation coefficients ranged from r = 0.19
(five-ring peri-condensed molecular mass (MM) 252 Da) to r = -0.99 (five-ring cata-condensed
MM 278 Da). In the case of the smaller PAHs (MM ≤ 252 Da), most of the PAHs had a planar
structure and provided a low correlation. In the case of larger PAHs (MM ≥ 278 Da), nonplanarity
had a significant influence on the retention behavior and good correlation between retention and T
was obtained for the MM 278 Da, MM 302 Da, MM 328 Da, and MM 378 Da isomer sets.



Adapted from Analytical and Bioanalytical Chemistry, 409, W.B. Wilson, H.V. Hayes, L.C.
Sander, A.D. Campiglia, S.A. Wise, Normal-phase liquid chromatography retention behavior of
polycyclic aromatic hydrocarbons and their methyl-substituted derivatives on an aminopropyl
stationary phase, pp. 5291-5305. Copyright 2017, with permission from Springer Nature.
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2.2

Experimental

2.2.1 Chemicals
Reference standards were obtained from several commercial sources including Bureau of
Community Reference (Brussels, Belgium), Chiron AS (Trondheim, Norway), W. Schmidt
(Ahrensburg, Federal Republic of Germany), Pfaltz and Bauer, Inc. (Waterbury, CT), Fluka
Chemie AG. (Buchs, Switzerland), and the National Cancer Institute of Chemical Carcinogen
Repository (Bethesda, MD). Additional reference standards were obtained from J. Jacob and G.
Grimmer (Biochemical Institute for Environmental Carcinogens, Ahrensburg, Federal Republic of
Germany), J. Fetzer (Chevron Research Co., Richmond CA), and A. K. Sharma (Penn State
University, College of Medicine, Department of Pharmacology, Hershey, Pennsylvania, USA).
The names and abbreviations for these standards are listed in Tables 2.1 - 2.5. HPLC grade nhexane, dichloromethane (DCM), and toluene were purchased from Fisher Scientific (Pittsburgh,
PA, USA).

2.2.2 Thickness calculations
The procedure for calculating the thickness (T) dimension has been described in detail
previously1-2. Typically, non-substituted PAHs and MePAHs with T ≈ 3.90 Å and T ≈ 4.20 Å,
respectively, are considered to be planar molecules. As the T value increases, the degree of nonplanarity increases for the PAH structure.
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Table 2.1 NPLC retention indices for the two-ring and three-ring PAHs.

PAHs
Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
1-Methylfluorene
2-Methylfluorene
Anthracene
1-Methylanthracene
2-Methylanthracene
9-Methylanthracene
Phenanthrene
1-Methyphenanthrene
2-Methyphenanthrene
4-Methyphenanthrene
9-Methyphenanthrene

Abbreviations
Naph
Acey
Ace
Flu
1-MeFlu
2-MeFlu
Ant
1-MeAnt
2-MeAnt
9-MeAnt
Phe
1-MePhe
2-MePhe
4-MePhe
9-MePhe

MM
(Da)
128
152
154
166
180
180
178
192
192
192
178
192
192
192
192

No. of
Aromatic
Carbon
10
12
10
12
12
12
14
14
14
14
14
14
14
14
14

Thickness
(Å)
3.88
3.88
4.22
4.24
5.13
5.02
3.88
4.21
4.20
4.14
3.89
4.22
4.20
4.69
4.22

Log I
NH2
2.00
2.68
2.27
2.72
2.82
2.74
2.93
2.92
2.96
3.03
3.00
3.05
3.06
3.02
3.03

2.2.3 NPLC retention index data
NPLC retention index values (log I) were calculated according to Eq. (1) with the following
index markers: (2) Naph, (3) Phe, (4) BaA, (5) BbC, (6) DBbkC, (7) BbN12kC2.

𝑙𝑜𝑔 𝐼 =

𝑙𝑜𝑔 𝑅𝑥 −log 𝑅𝑛
log 𝑅𝑛+1 −log 𝑅𝑛

(2.1)

R is the corrected retention volume, x represents the solute, and n and n + 1 represent the lower
and higher eluting PAH standards. All retention index data was obtained at room temperature using
the NH2 analytical column with a mobile phase of 98 % n-hexane and 2 % DCM with a flow rate
of 1.0 mL/min except for the seven-ring MM 352 Da, seven-ring MM 378 Da isomer group, and
the eight-ring PAHs (80 % n-hexane and 20 % DCM). Previous studies have investigated the
retention behavior of PAHs on NH2 stationary phase using log I values as their basis for retention
indices using index markers 2 – 52-3. DBahP was used as the six-ring index marker because of a
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lack of reference standard at that time for DBbkC. DBbkC and BbN12kC represent the six-ring
and seven-ring, respectively, of the series of cata-condensed PAHs used as retention standards
(Figure 2.1). The log I values are based on three chromatographic runs obtained from reference
standards. The standard deviation of log I values was equal to or less than ± 0.02. Baseline
resolution of two components could be achieved with a difference of ~0.08 log I units on the NH2
analytical column.

Figure 2.1 Molecular structures of the six PAHs used as retention index markers in this studied.
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2.2.4 Statistical t-test calculations
The method for calculating statistical t-test for linear correlations between L/B and T has
been described in detail previously using Eq. (2)4-5:

𝑡𝑐𝑎𝑙 =

⃒𝑟⃒⃒√𝑑𝑓
√1−𝑟⃒ 2

(2.2)

where r is the correlation coefficient, df is the degrees of freedom (n – 2), and n is the number of
data points. Based on the df, the correlation coefficient shows a significant linear trend if the
calculated tcal value is greater than the critical t-test value (tcrit). These statistical calculations will
be used in the results and discussion section to correlate the NPLC retention behavior of isomeric
PAHs and their structural non-planarity (T).

2.3

Results and Discussion
The NPLC retention indices (log I), molecular mass (MM), number of aromatic carbons, and

thickness (T) values for the two-ring and three-ring, four-ring, five-ring, six-ring, and seven-ring
and eight-ring PAHs are summarized in Tables 2.1 – 2.5, respectively. The retention indices in
Tables 2.1 – 2.5 represent the most extensive compilation of NPLC retention data for PAHs on the
NH2 phase to be published to date. The log I values reported here and the values from the original
papers by Wise et al.3, 6-8 discussed previously are generally in agreement relative to elution orders.
However, because of the improvements in LC packing materials (10 µm irregular particles vs. 5
µm spherical particles), the analytical column used to generate the log I data in this study is much
more efficient. Thus, PAHs with differences in retention indices of 0.07 – 0.10 log I are baseline
resolved in the current study whereas in the original studies a difference of 0.10 to 0.12 log I units
was generally required to separate two PAHs8.
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Since the original studies6, 8-9, researchers have reported retention behavior for a very
limited number of PAHs (especially isomers) with the following polar functionalized stationary
phases: NH2

10-11

, triamine12-13, silica12, alumina12, 2,4-dinitroanilinooctaylsilica13, 2,3,6-

trinitroanillinooctylsilica13, aminocyano10,

14

, dihydroxypropyl propyl ether15, nitrophenyl14,

poly(4-vinylpyridine)-grafted silica16, 3-(2,4-Dinitroanilino)propyl12-13, 17, and hypercrosslinked
polystyrene17. Despite these additional polar stationary phases, the NH2 phase has been the
predominant phase used for NPLC to isolate isomeric PAHs based on the number of aromatic
carbon atoms3, 18-19. Herein, we investigate this correlation by plotting the log I averages vs. the
total number of aromatic carbon atoms in Figure 2.3a. The error bars represent the standard
deviation for the log I averages, which demonstrate that the retention behavior varies for PAHs
with the same number of aromatic carbon atoms. This correlation is better illustrated in Figure
2.3b, which plots the log I values vs. the total number of aromatic carbon atoms for each of the
124 unsubstituted parent PAHs. The MePAHs provided similar results as the unsubstituted parent
PAHs, and the corresponding plots are provided in Figure 2.4. Differences among the retention of
isomeric PAHs or MePAHs on the NH2 phase may be due to differences in molecular shape and/or
non-planarity, which will be discussed in the following sections.
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Figure 2.2 The molecular structure schemes of the MM 302 Da pyrene backbone (a) and
fluoranthene backbone (b) PAH isomers included in this study
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In this study, 85 of the 124 parent PAHs included in this study have planar molecular
structures, as indicated by the T parameter (T = 3.88 Å to 4.24 Å). The remaining PAHs have
various degrees of non-planarity within the following ranges for T: T = 4.25 Å to 5.00 Å (27
PAHs), T = 5.01 Å to 5.50 Å (12 PAHs), and T > 5.50 Å (10 PAHs). As shown in Figure 2.3b,
three of the five PAHs with the highest degree of non-planarity (T > 5.50 Å) are less retentive than
the PAHs with the same number of aromatic carbon atoms and T < 5.50 Å. The four isomeric
groups of PAHs with 22, 24, 26, and 30 aromatic carbon atoms are plotted in Figure 2.3c using the
T parameter as a third dimension (size of the circle) to illustrate the influence of non-planarity on
the retention behavior of PAHs. One of the isomer groups included in Figure 2.3c is the six-ring
PAHs with MM 302 Da (24 aromatic carbons), which primarily consist of two structural subsets:
pyrene backbone (10 isomers) and fluoranthene backbone (12 isomers). The pyrene backbone for
the MM 302 Da isomers consists of four benzene rings and the fluoranthene backbone consists of
three benzene rings and one cyclopenta-1,3-diene ring. Based on the MM 302 Da isomer structure
schemes shown in Figure 2.2, the average log I values for the PAHs are plotted vs. the total number
of aromatic carbon atoms in Figure 2.3d. In each case, the fluoranthene backbone PAHs were
slightly more retentive than the pyrene backbone PAHs.
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Figure 2.3 Plots of the number of aromatic carbon atoms vs. the average log I value for the PAHs
a and the log I value for each PAH b. the uncertainty listed with each value is the standard deviation
for the average log I value for each set of aromatic carbon atoms. Plot of the number of aromatic
atoms vs. the average log I and T vlue for the six-ring and seven-ring PAHs c. Plot of the number
of aromatic carbon vs. the average log I value for the dibenzopyrene and dibenzofluoranthene
backbone isomer subsets d.
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Figure 2.4 Plots of the number of aromatic carbon atoms vs. the average log I value for the
MePAHs (a) and the log I value for each MePAH (b). The uncertainty listed with each value is the
standard deviation for the average log I values for each set of aromatic carbon atoms.
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Table 2.2 NPLC retention indices for the four-ring PAHs.

PAHs
Acephenanthrene
Fluoranthene
1-Methylfluoranthene
3-Methylfluoranthene
7-Methylfluoranthene
8-Methylfluoranthene
Pyrene
1-Methylpyrene
2-Methylpyrene
4-Methylpyrene
7H-Benzo[c]fluorene
11H-Benzo[a]fluorene
11H-Benzo[b]fluorene
Benzo[a]anthracene
1-Methylbenzo[a]anthracene
2-Methylbenzo[a]anthracene
3-Methylbenzo[a]anthracene
4-Methylbenzo[a]anthracene
5-Methylbenzo[a]anthracene
6-Methylbenzo[a]anthracene
7-Methylbenzo[a]anthracene
8-Methylbenzo[a]anthracene
9-Methylbenzo[a]anthracene
10-Methylbenzo[a]anthracene
11-Methylbenzo[a]anthracene
12-Methylbenzo[a]anthracene
Benzo[c]phenanthrene
1-Methylbenzo[c]phenanthrene
2-Methylbenzo[c]phenanthrene
3-Methylbenzo[c]phenanthrene
4-Methylbenzo[c]phenanthrene
5-Methylbenzo[c]phenanthrene
6-Methylbenzo[c]phenanthrene
Chrysene
1-Methylchrysene
2-Methylchrysene
3-Methylchrysene
4-Methylchrysene
5-Methylchrysene
6-Methylchrysene
Triphenylene
1-Methyltriphenylene
2-Methyltriphenylene
Naphthacene

Abbreviations
Acephe
Fluor
1-MeFluor
3-MeFluor
7-MeFluor
8-MeFluor
Pyr
1-MePyr
2-MePyr
4-MePyr
7H-BcF
11H-BaF
11H-BbF
BaA
1-MeBaA
2-MeBaA
3-MeBaA
4-MeBaA
5-MeBaA
6-MeBaA
7-MeBaA
8-MeBaA
9-MeBaA
10-MeBaA
11-MeBaA
12-MeBaA
BcPhe
1-MeBcPhe
2-MeBcPhe
3-MeBcPhe
4-MeBcPhe
5-MeBcPhe
6-MeBcPhe
Chr
1-MeChr
2-MeChr
3-MeChr
4-MeChr
5-MeChr
6-MeChr
TriPhe
1-MeTriPhe
2-MeTriPhe
Nap
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MM
(Da)
202
202
216
216
216
216
202
216
216
216
216
216
216
228
242
242
242
242
242
242
242
242
242
242
242
242
228
242
242
242
242
242
242
228
242
242
242
242
242
242
228
242
242
228

No. of
Aromatic
Carbon
16
16
16
16
16
16
16
16
16
16
16
16
16
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18
18

Thickness
(Å)
3.89
3.88
4.22
4.20
4.22
4.20
3.89
4.20
4.20
4.21
4.24
4.24
4.24
3.89
5.04
4.21
4.21
4.22
4.22
4.21
4.57
4.21
4.20
4.20
4.22
5.16
4.99
5.94
5.18
5.00
5.39
5.28
5.05
3.92
4.22
4.20
4.20
5.01
4.97
4.22
4.37
5.19
4.18
3.89

Log I
NH2
3.59
3.51
3.63
3.65
3.57
3.59
3.44
3.43
3.38
3.42
3.72
3.68
3.73
4.00
3.98
4.06
4.08
4.08
4.05
4.15
4.17
4.02
4.06
4.12
3.96
3.97
3.66
3.60
3.77
3.76
3.74
3.73
3.69
4.00
4.11
4.12
4.12
4.05
4.04
4.11
4.10
4.08
4.15
3.92

Table 2.3 NPLC retention indices for the five-ring PAHs.

PAHs
Benzo[ghi]fluoranthene
Cyclopenta[cd]pyrene
Benz[e]aceanthrylene
Benz[j]aceanthrylene
Benz[j]acephenanthrylene
Benz[k]acephenanthrylene
Benz[l]acephenanthrylene
Benzo[a]fluoranthene
Benzo[b]fluoranthene
Benzo[j]fluoranthene
Benzo[k]fluoranthene
Benzo[e]pyrene
Benzo[a]pyrene
1-Methylbenzo[a]pyrene
2-Methylbenzo[a]pyrene
3-Methylbenzo[a]pyrene
4-Methylbenzo[a]pyrene
5-Methylbenzo[a]pyrene
6-Methylbenzo[pyrene
7-Methylbenzo[a]pyrene
8-Methylbenzo[a]pyrene
9-Methylbenzo[a]pyrene
10-Methylbenzo[a]pyrene
11-Methylbenzo[a]pyrene
12-Methylbenzo[a]pyrene
Perylene
1-Methylperylene
2-Methylperylene
3-Methylperylene
Benzo[a]naphthacene
Benzo[b]chrysene
Benzo[c]chrysene
Benzo[g]chrysene
Dibenz[a,c]anthracene
Dibenz[a,h]anthracene
Dibenz[a,j]anthracene
Dibenzo[b,g]phenanthrene
Dibenzo[c,g]phenanthrene
Pentaphene
Picene
1-Methylpicene
2-Methylpicene
3-Methylpicene
6-Methylpicene

Abbreviations
BghiF
CPcdP
BeAce
BjAce
BjAcep
BkAcep
BlAcep
BaF
BbF
BjF
BkF
BeP
BaP
1-MeBaP
2-MeBaP
3-MeBaP
4-MeBaP
5-MeBaP
6-MeBaP
7-MeBaP
8-MeBaP
9-MeBaP
10-MeBaP
11-MeBaP
12-MeBaP
Per
1-MePer
2-MePer
3-MePer
BaNap
BbC
BcC
BgC
DBacA
DBahA
DBajA
DBbgP
DBcgP
Pen
Pic
1-MePic
2-MePic
3-MePic
6-MePic

MM
(Da)
226
226
252
252
252
252
252
252
252
252
252
252
252
266
266
266
266
266
266
266
266
266
266
266
266
252
266
266
266
278
278
278
278
278
278
278
278
278
278
278
292
292
292
292
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No. of
Aromatic
Carbon
18
18
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
20
22
22
22
22
22
22
22
22
22
22
22
22
22
22
22

Thickness
(Å)
3.88
3.89
3.89
3.89
3.89
3.90
4.73
3.89
3.88
3.94
3.89
3.89
3.89
4.20
4.21
4.22
4.21
4.22
4.36
4.22
4.20
4.20
4.98
4.89
4.21
3.91
5.27
4.46
4.44
3.89
3.89
5.39
5.32
3.89
3.89
3.89
5.23
6.24
3.89
3.90
5.39
4.20
4.20
5.56

Log I
NH2
3.70
3.95
4.58
4.64
4.54
4.51
4.50
4.44
4.43
4.52
4.41
4.40
4.30
4.42
4.37
4.45
4.38
4.39
4.52
4.40
4.42
4.41
4.36
4.36
4.42
4.48
4.50
4.49
4.59
4.97
5.00
4.56
4.56
5.04
5.03
4.96
4.50
4.16
4.96
5.00
5.03
5.12
5.12
5.10

PAHs
13-Methylpicene

Abbreviations
13-MePic

MM
(Da)
292

No. of
Aromatic
Carbon
22

Thickness
(Å)
5.42

Log I
NH2
5.06

Table 2.4 NPLC retention indices for the six-ring PAHs.

PAHs
Anthanthrene
Benzo[ghi]perylene
Indeno[1,2,3-cd]pyrene
Benzo[a]perylene
Benzo[b]perylene
Dibenzo[a,e]pyrene
Dibenzo[a,h]pyrene
Dibenzo[a,i]pyrene
Dibenzo[a,l]pyrene
Dibenzo[e,l]pyrene
Dibenzo[a,e]fluoranthene
Dibenzo[a,f]fluoranthene
Dibenzo[a,k]fluoranthene
Dibenzo[b,e]fluoranthene
Dibenzo[b,k]fluoranthene
Dibenzo[j,l]fluoranthene
Dibenzo[de,mn]naphthacene
Naphtho[1,2-a]pyrene
Naphtho[1,2-e]pyrene
Naphtho[2,1-a]pyrene
Naphtho[2,3-a]pyrene
Naphtho[2,3-e]pyrene
Naphtho[1,2-b]fluoranthene
Naphtho[1,2-k]fluoranthene
Naphtho[2,1-b]fluoranthene
Naphtho[2,3-b]fluoranthene
Naphtho[2,3-j]fluoranthene
Naphtho[2,3-k]fluoranthene
Benzo[b]picene
Benzo[c]picene
Benzo[c]pentaphene
Benzo[h]pentaphene
Dibenzo[a,j]naphthacene
Dibenzo[a,l]naphthacene
Dibenzo[c,p]chrysene
Dibenzo[g,p]chrysene
Dibenzo[b,k]chrysene
Dibenzo[a,c]naphthacene

Abbreviations
Anth
BghiPer
I123cdP
BaPer
BbPer
DBaeP
DBahP
DBaiP
DBalP
DBelP
DBaeF
DBafF
DBakF
DBbeF
DBbkF
DBjlF
DBNap
N12aP
N12eP
N21aP
N23aP
N23eP
N12bF
N12kF
N21bF
N23bF
N23jF
N23kF
BbPic
BcPic
BcPen
BhPen
DBajNap
DBalNap
DBcpC
DBgpC
DBbkC
DBacNap
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MM
(Da)
276
276
276
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
328
328
328
328
328
328
328
328
328
328

No. of
Aromatic
Carbon
22
22
22
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
24
26
26
26
26
26
26
26
26
26
26

Thickness
(Å)
3.88
3.89
3.88
5.47
4.84
4.19
3.90
3.89
5.17
3.89
3.90
3.97
3.89
4.64
3.90
4.41
4.89
5.13
5.15
4.19
3.89
4.41
3.90
3.91
4.92
3.89
3.93
3.90
3.89
3.90
3.90
4.85
3.95
3.88
5.62
6.15
3.89
3.89

Log I
NH2
4.66
4.75
4.89
4.97
5.49
5.43
5.35
5.31
4.88
5.45
5.39
5.40
5.35
5.14
5.37
5.48
5.53
4.91
4.92
5.32
5.27
5.35
5.44
5.51
5.15
5.39
5.52
5.39
6.03
5.78
6.05
6.05
6.03
6.06
4.97
4.84
6.00
6.04

PAHs
Naphtho[1,2-b]triphenylene
Naphtho[1,2-a]naphthacene
Naphtho[2,1-a]naphthacene
Naphtho[1,2-b]chrysene
Naphtho[2,3-g]chrysene
Hexaphene
Phenanthro[3,4-c]phenanthrene

Abbreviations
N12bTriPhe
N12aNap
N21aNap
N12bC
N23gC
Hexa
Phe34cPhe

MM
(Da)
328
328
328
328
328
328
328

No. of
Aromatic
Carbon
26
26
26
26
26
26
26

Thickness
(Å)
4.14
5.00
3.89
3.89
5.43
3.89
7.41

Log I
NH2
6.04
5.45
6.02
6.08
5.39
5.97
4.89

Table 2.5 NPLC retention indices for the seven- and eight-ring PAHs.

PAHs
Seven-Ring PAHs
Coronene
Acenaphtho[1,2-j]fluoranthene
Acenaphtho[1,2-k]fluoranthene
Dibenzo[b,ghi]perylene
Dibenzo[e,ghi]perylene
Dibenzo[cd,lm]perylene
Diindeno[1,2,3-de,1’,2’,3’-kl]anthracene
Naphtho[1,2,3,4-ghi]perylene
Naphtho[8,1,2-bcd]perylene
Benzo[a]naphtho[8,1,2-cde]naphthacene
Benzo[vwx]hexaphene
Dibenzo[h,rst]pentaphene
Benzo[a]naphtho[1,2-j]naphthacene
Benzo[a]naphtho[1,2-l]naphthacene
Benzo[a]naphtho[2,1-j]naphthacene
Benzo[b]naphtho[1,2-k]chrysene
Benzo[b]naphtho[2,1-k]chrysene
Benzo[c]naphtho[2,1-p]chrysene
Dibenzo[a,c]pentacene
Dibenzo[a,l]pentacene
Heptaphene
Dibenzo[b,n]picene
Dibenzo[c,m]pentaphene
Naphtho[2,3-c]pentaphene
Phenanthro[1,2-b]chrysene
Phenanthro[2,1-b]chrysene
Phenanthro[4,3-b]chrysene
Phenanthro[9,10-b]chrysene
Phenanthro[3,4-b]triphenylene
Phenanthro[9,10-b]triphenylene
Tribenzo[a,c,j]naphthacene

Abbreviations

MM
(Da)

No. of
Aromatic
Carbon

Thickness
(Å)

Log I
NH2

Cor
A12jF
A12kF
DBbghiPer
DBeghiPer
DBcdlmPer
Rubicene
N1234ghiPer
N812bcdPer
BaN812cdeNap
BvwxHexa
DBhrstPenta
BaN12jNap
BaN12lNap
BaN21jNap
BbN12kC
BbN21kC
BcN21pC
DBacPen
DBalPen
Hepta
DBbnPic
DBcmPenta
N23cPenta
Phe12bC
Phe21bC
Phe43bC
Phe910bC
Phe34bTriPhe
Phe910bTriPhe
TriBacjNap

300
326
326
326
326
326
326
326
326
352
352
352
378
378
378
378
378
378
378
378
378
378
378
378
378
378
378
378
378
378
378

24
26
26
26
26
26
26
26
26
28
28
28
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

3.89
4.63
3.89
3.90
3.89
3.90
3.89
4.07
4.74
4.37
3.89
4.31
5.28
4.05
3.95
3.89
3.89
5.49
4.57
3.89
3.90
3.90
3.90
4.01
4.28
3.89
5.33
4.98
5.47
5.95
4.77

5.03
5.90
6.11
5.68
5.74
5.28
5.82
5.71
5.77
6.50
6.35
6.57
6.46
6.97
7.00
7.00
6.91
5.46
6.25
6.93
6.87
6.95
7.10
6.96
7.08
6.97
6.54
7.04
5.28
6.04
7.07
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PAHs
Trinaphthylene

Abbreviations
TriNaph

MM
(Da)
378

Eight-Ring PAHs
Truxene
Benzo[a]coronene
Benzo[pqr]naphtho[8,1,2-bcd]perylene
Phenanthro[5,4,3,2-abcde]perylene
Pyranthrene
Tribenzo[a,cd,lm]perylene

Trux
BaCor
BpqrN812bcdPer
Phe5432abcdePer
Pyrant
TriBacdlmPer

342
350
350
350
376
376

No. of
Aromatic
Carbon
30

Thickness
(Å)
4.51

Log I
NH2
7.01

24
28
28
28
30
30

4.26
3.89
4.26
3.89
3.94
5.58

5.99
6.17
6.13
6.16
6.39
6.21

2.3.1 Two-ring and three-ring PAHs
The retention indices (log I) and T values for the two-ring and three-ring PAHs and
MePAHs are summarized in Table 2.1. Ant and Phe are the two parent PAHs in this isomer group
(Figure 2.5). Although both isomers have the same T value, they are baseline resolved on the NH2
phase with Ant eluting first. Ant is the linear structure and Phe has the presence of a bay-region as
shown in Figure 2.5, which is discussed in more detail in the next section. Similar studies have
shown the importance of a bay-region for the retention behavior of PASH in RPLC on a polymeric
C18 stationary phase4. In the case of MePAHs, the two of the four possible MeFlu isomers (MM
180 Da), three possible MeAnt isomers (MM 192 Da), and four of the five possible MePhe isomers
(MM 192 Da) were evaluated on the NH2 phase (Figure 2.6, Figure 2.7, and Figure 2.8,
respectively). The only isomer with MM of 192 Da with a non-planar structure is 4-MePhe with T
= 4.69 Å, and it elutes slightly before the three other MePhe isomers, which all elute after Phe.
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Figure 2.5 Molecular structures of the three and four-ring planar PAHs included in this study.

Figure 2.6 NPLC separation of Flu and two MeFlu isomers on the NH2 stationary phase.
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Figure 2.7 NPLC separation of Ant and three MeAnt isomers on the NH2 stationary phase.
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Figure 2.8 NPLC separation of Phe and four MePhe isomers on the NH2 stationary phase.
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2.3.2 Four-ring PAHs
The retention indices (log I) and T values for the four-ring PAHs and MePAHs are
summarized in Table 2.2. NPLC chromatograms obtained from individual reference standards of
the four-ring PAHs are shown in Figure 2.11. The elution order among the four-ring PAH groups
follows the increasing MM and number of aromatic carbon atoms of each isomer groups, i.e., MM
202 Da, MM 216 Da, and MM 228 Da. The three MM 202 Da isomers are nearly baseline resolved,
while the three MM 216 Da isomers co-elute. NPLC chromatograms obtained from individual
reference standards of the MeFluor and MePyr isomers are shown in Figure 2.9 and Figure 2.10,
respectively. MeFluor and MePyr isomers have similar retention behaviors within the group due
to their planar structures (T ≈ 4.21 Å). Comparisons with their parent PAH, i.e., Fluor and Pyr,
reveal some differences in their retention behavior. Pyr elutes at log I of 3.44 and the three MePyr
elute with log I values ranging from 3.38 to 3.43 while Fluor has a log I value of 3.51 and the four
MeFluor elute later with log I values ranging from 3.57 to 3.65.
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Figure 2.9 NPLC separation of Fluor and four MeFluor isomers on the NH2 stationary phases.
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Figure 2.10 NPLC separation of Pyr and three MePyr isomers on the NH2 stationary phase.
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Figure 2.11 NPLC separation of the four-ring PAH isomers with MM 202 Da, 216 Da, and 228
Da on the NH2 stationary phase.
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In the case of the cata-condensed MM 228 Da isomers, BaA and Chr co-elute but are
resolved from the remaining three isomers, which are baseline resolved. PAHs with similar T
values would be expected to have similar retention behaviors on the NH2 stationary phase. BaA,
Chr, and Nap are the three planar PAHs with MM 228 Da. Similar to the retention behaviors of
Ant and Phe, the linear isomer Nap elutes first followed by BaA and Chr that have bay-regions.
BcPhe and TriPhe are non-planar with T values of 4.99 and 4.37 Å, respectively. BcPhe elutes
earlier than the planar PAHs due to its non-planarity. TriPhe elutes last among the five MM 228
Da isomers despite the moderately non-planar structure but it does have three bay-regions in the
structure. A plot of retention on the NH2 stationary phase vs. T for the five MM 228 Da isomers is
shown in Figure 2.12 with a correlation coefficient of r = -0.70, which provides a tcal value of 1.71
(tcrit = 3.18, α = 0.05, n = 5) indicating that there is not a significant linear trend between PAH
retention and T values.20
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Figure 2.12 Plot of retention on the NH2 stationary phase versus T values for the 5 MM 228 Da
four-ring cata-condensed PAH isomers.
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In the case of the 26 methyl-substituted four-ring cata-condensed PAHs (MM 242 Da), a
plot of retention on the NH2 stationary phase vs. T is shown in Figure 2.13a with a correlation
coefficient of r = -0.79, which provides a tcal value of 6.21 (tcrit = 2.07, α = 0.05, n = 26) indicating
that there is a significant linear trend between the 26 cata-condensed MePAH retention and T
values.20 Based on the log I values reported in Table 2.2, non-planarity does play a significant role
in the retention behavior of MePAHs on the NH2 stationary phase. Two examples of the
importance of non-planarity are illustrated with BcPhe and Chr, their molecular structures are
shown in Figure 2.13b. The NPLC chromatograms obtained from individual standards of BcPhe
and six MeBcPhe isomers are shown in Figure 2.13c. 1-MeBcPhe elutes prior to BcPhe on the
NH2 stationary phase. This early elution behavior can be attributed to the higher degree of nonplanarity as indicated by the larger T value (T = 5.94 Å).
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Figure 2.13 a Plot of retention on the NH2 stationary phase versus T values for the 26 methylsubstituted four-ring cata-condensed PAHs. b Molecular structures of BcPhe and Chr and their
methyl-substitution position numbering. c NPLC separation of BcPhe and six MeBcPhe isomers
on the NH2 stationary phase. d NPLC separation of Chr and six MeChr isomers on the NH2
stationary phase.
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Similar results were obtained for the MeBaA isomers, where 1-Me (T = 5.04 Å) and 12MeBaA (T = 5.16 Å) eluted prior to BaA. Of the cata-condensed four-ring MePAH isomers, the
six MeChr isomers provided the best correlation for their retention on the NH2 stationary phase
vs. T providing a correlation coefficient of r = -0.99 and a tcal value of 14.14 indicating that there
is a significant linear trend (tcrit = 2.78, α = 0.05, n = 6).20 The NPLC chromatograms obtained
from individual MeChr standards are shown in Figure 2.13d. The earlier elution for 4-Me and 5MeChr in comparison to the other four MeChr isomers can be explained by the larger T values of
4.97 Å and 5.01 Å, respectively. NPLC chromatograms obtained from individual reference
standards of the MeBaA and MeTriPhe isomers are shown in Figure 2.14 and Figure 2.15,
respectively.
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Figure 2.14 NPLC separation of BaA and 12 MeBaA isomers on the NH2 stationary phase.
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Figure 2.15 NPLC separation of TriPhe and two MeTriPhe isomers on the NH2 stationary phase.
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2.3.3 Five-ring PAHs
The retention indices (log I) and T values for the five-ring PAHs and MePAHs are
summarized in Table 2.3. NPLC chromatograms obtained from individual reference standards of
the 12 five-ring MM 252 Da PAHs and 11 five-ring MM 278 Da PAHs are shown in Figure 2.16.
In the case of the MM 252 Da isomers, the T values for the MM 252 Da isomers are ~ 3.90 Å
indicating planarity except for BiAcep (4.73 Å). Because of the planarity of this PAH isomer
group, their retention on the NH2 stationary phase and T values did not provide a significant linear
correlation (r = 0.09, data not shown).
In the case of the five-ring MM 278 Da PAH isomers (cata-condensed), non-planarity was
expected to play an important role in their retention behaviors based on their T values and previous
discussions including the four-ring cata-condensed PAHs. BbC, Pic, DBajA, Pent, BaNap,
DBahA, and DBacA are planar with T values of ≈ 3.89 Å. DBcgP, DBbgP, BcC, and BgC are nonplanar with T values ranging from 5.23 Å to 6.24 Å. The chromatograms in Figure 2.16 clearly
indicate the effect of non-planarity on the retention behavior. The seven planar isomers elute within
24 min – 27 min, while the non-planar isomers (T ≈ 5.30 Å) elute earlier at 18.5 min – 20 min and
the highly non-planar isomer DBcgP (T ≈ 6.24 Å), elutes at ~15.5 min. The correlation of retention
on the NH2 phase and T value for the 11 MM 278 Da isomers is shown in Figure 2.21a with a
correlation coefficient of r = -0.99. The tcal value is 23.45 (tcrit = 2.16, α = 0.05, n = 11) indicating
that there is a significant linear trend between the retention of cata-condensed five-ring PAH
isomers and T values.20
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Figure 2.16 NPLC separation of the 12 MM 252 Da PAH isomers and the 11 MM 278 Da isomers
of the NH2 stationary phase.
A number of five-ring MePAH isomer sets were investigated including two peri-condensed
isomer sets (12 MeBaP and 3 MePer) and one cata-condensed MePAH isomer set (5 MePic).
NPLC chromatograms obtained from individual reference standards for these isomers are shown
in Figure 2.17, Figure 2.18, and Figure 2.19, respectively. In the case of the peri-condensed isomer
sets, the MePAH isomers with the methyl group located in the bay-region of the structure provided
the highest degree of non-planarity with T ≥ 4.89 Å (1-MePer, 10-MeBaP, and 11-MeBaP). Similar
behaviors were observed for 1-Me, 6-Me, and 13-MePic with T values of 5.39 Å, 5.56 Å, and 5.42
Å, respectively. In all cases, the MePAHs eluted later then the parent PAH and the non-planar
MePAH eluted earlier than the other MePAH isomers (exception is 1-MePer).
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Figure 2.17 NPLC separation of BaP and 12 MeBaP isomers on the NH2 stationary phase.
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Figure 2.18 NPLC separation of Per and three MePer isomers on the NH2 stationary phase.
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Figure 2.19 NPLC separation of Pic and five MePic isomers on the NH2 stationary phase.
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2.3.4 Six-ring PAHs
The retention indices (log I) and T values for the six-ring PAHs are summarized in Table
2.4. The six-ring PAHs consist of the following isomer groups: (1) MM 276 Da; (2) MM 302 Da;
and (3) MM 328 Da. NPLC chromatograms obtained from individual reference standards of the
MM 276 Da PAH isomers are shown in Figure 2.20. A large number of non-planar PAH isomers
are included in the MM 302 Da and MM 328 Da groups with seven isomers (T ≥ 4.84 Å) and six
isomers (T ≥ 4.85 Å), respectively. In addition, the MM 328 Da PAH isomers represent the group
with the largest differences in T values among all isomer sets investigated with T ranging from
3.88 Å (DBalNap) to 7.41 Å (Phe34cPhe).

Figure 2.20 NPLC separation of three MM 276 Da PAH isomers on the NH2 stationary phase.
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Figure 2.21 Plots of retention on the NH2 stationary phase versus T values for the (a) 11 MM 278
Da PAH isomers, (b) 25 MM 302 Da PAH isomers, (c) 17 MM 328 Da PAH isomers, and (d) 20
MM 378 Da PAH isomers.

72

NPLC chromatograms obtained on the NH2 phase with individual reference standards of
the 25 six-ring MM 302 Da PAHs are shown in Figure 2.22. Wise et al. reported log I values for
19 isomers of MM 302 Da using different retention marker PAHs for the six-ring and seven-ring
markers.3 The elution order of the 19 isomers in the original report and this study are similar. Of
particular interest is the fact that 6 of the 8 non-planar isomers elute distinctively before (≤ 29 min)
the remaining 18 investigated isomers (≥ 30 min) investigated. The other two nonplanar isomers,
BbPer and DBNap, showed the highest affinity for the NH2, which could be influence by the
presence of bay-regions in their molecular structures (1 and 2, respectively). In addition to the
strongly non-planar isomers (T ≥ 4.84 Å), there is a group of five MM 302 Da isomers that are
moderately non-planar with T values ranging from 4.19 Å (DBaeP and N21aP) to 4.64 Å (DBbeF).
With the exception of DBbeF, the moderately non-planar PAHs elute with the planar MM 302 Da
isomers (T ≈ 3.90 Å) between 30 – 37 min. A plot of retention on the NH2 stationary phase vs. T
for the MM 302 Da isomers is shown in Figure 2.21b. A correlation coefficient of r = -0.71 and a
tcal value of 4.80 (tcrit = 2.08, α = 0.05, n = 25) indicates the existence of a linear trend. Similar to
the MM 278 Da isomers, the general trend for elution on the NH2 phase for the MM 302 Da isomers
is influenced by structure non-planarity.
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Figure 2.22 NPLC separation of the 25 MM 302 Da PAH isomers on the NH2 stationary phase.

NPLC chromatograms obtained on the NH2 phase with individual reference standards of
the 17 six-ring MM 328 Da cata-condensed PAHs are shown in Figure 2.23. For this isomer set,
5 of the 6 non-planar isomers elute (≤ 35 min) distinctively before the remaining 12 isomers (≥ 40
min). The extreme non-planarity of Phe34cPhe, DBgpC, and DBcpC resulted in similar log I
values as the MM 276 Da and the non-planar MM 302 Da isomers. In the case of DBgpC and
Phe34cPhe, their non-planarity has been used extensively to characterize C18 stationary phases in
RPLC.21-23 BhPen with a T = 4.85 Å elutes ~ 15 min later than N12aNap with a T = 5.00 Å. Based
on previous discussions, the three bay-regions in the molecular structure for BhPen may influence
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the later retention than N12aNap with no bay-regions. Similar observations were made for the MM
302 Da isomers of BbPer (T = 4.84 Å) and DBNap (T = 4.89 Å), which elute later than N21bF (T
= 4.92 Å). A plot of retention on the NH2 stationary phase vs. T for the MM 328 Da isomers is
shown in Figure 2.21. The plot provided a correlation coefficient of r = -0.91 and a tcal value of
8.60 (tcrit = 2.13, α = 0.05, n = 17) indicating a clear linear trend.

Figure 2.23 NPLC separation of the 17 MM 328 Da PAH isomers on the NH2 stationary phase.
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2.3.5 Seven-ring and eight-ring PAHs
The retention indices (log I) and T values for the seven- and eight-ring PAHs are
summarized in Table 2.5. These isomer groups consisted of Cor (MM 300 Da), eight MM 326 Da
isomers, Trux (MM 342 Da), three MM 350 Da isomers, three MM 352 Da isomers, two MM 376
Da isomers, and 20 MM 378 Da isomers. NPLC chromatograms obtained on the NH2 phase with
individual reference standards of these PAHs are shown in Figure 2.24 – Figure 2.27. Cor was the
only MM 300 Da isomer included in this study. A total of eight MM 326 Da isomers were available
for this study and they can be divided into two sub-groups based on the perylene and fluoranthene
structural backbone. The five perylene-based PAHs elute before the three fluoranthene-based
PAHs. Additional MM 326 Da reference standards are required to fully explore this trend in more
detail. In the case of the perylene-based MM 326 Da isomers, DBcdlmPer elutes at ~28 min while
the remaining four isomers elute between 37 – 42 min. The three fluoranthene-based isomers are
baseline resolved over a 10 min time interval. No correlation of retention vs T was observed.
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Figure 2.24 NPLC separation of the seven-ring MM 326 Da PAH isomers on the NH2 stationary
phase.
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Figure 2.25 NPLC separation of the seven-ring MM 352 Da PAH isomers on the NH2 stationary
phase.
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Figure 2.26 NPLC separation of the seven-ring MM 378 Da PAH isomers on the NH2 stationary
phase. The non-label chromatographic peaks correspond to the planar isomers with a T ≤ 4.25 Å
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The molecular structures of the seven-ring cata-condensed PAH isomers with MM 378 Da
are shown in Figure 2.28. This isomer group represents the largest number of non-planar isomers
in this study with 10 isomers, which have T values ranging from 4.28 Å to 5.95 Å. A plot of
retention on the NH2 stationary phase vs. T for the MM 378 Da isomers is shown in Figure 2.21.
The plot provided a correlation coefficient of r = -0.74 and a tcal value of 6.71 (tcrit = 2.09, α = 0.05,
n = 20) indicating that there is a significant linear trend. Similar to the MM 278 Da, MM 302 Da,
MM 328 Da isomers, the general trend for elution on the NH2 phase for the MM 378 Da isomers
is influenced by non-planarity. The 10 non-planar isomers can be split into three subsets based on
the same T values used in Figure 2.3: (1) Phe12bC (4.28 Å), TriNaph (4.51 Å), DBacPen (4.57
Å), TriBacjNap (4.77 Å), and Phe910bC (4.98 Å); (2) BaN12jNap (5.28 Å), Phe 43bC (5.33 Å),
Phe34bTriPhe (5.47 Å), and BcN21pC (5.49 Å); and 3) Phe910bTriPhe (5.95 Å).
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Figure 2.27 NPLC separation of the eight-ring PAHs on the NH2 stationary phase.
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DBacPen was the only PAH from subset 1 to elute earlier than the planar isomers. It is
interesting to note that DBacPen has the fewest number of bay-regions (three) and has a linear
structural backbone (Nap) with no additional benzene ring attachments. As discussed for the three
and four-ring cata-condensed PAH isomers, these two structural features result in these PAHs
being less retentive on the NH2 stationary phase. Of the four isomers in subset 2, BcN21pC and
Phe34bTriPhe are less retentive than Phe43bC and BaN12jNap, which could be a result of the
slight difference in T values (~0.14 Å). Phe910bTriPhe (subset 3) was expected to be less retentive
than the PAHs in subset 2 based on the results for the non-planar five- and six-ring cata-condensed
PAHs. However, Phe910bTriPhe eluted after Phe34bTriPhe and BcN21pC. Phe910bTriPhe and
Phe34bTriPhe have similar molecular structure backbone except for the placement of one benzene
ring, which results in Phe910bTriPhe having six bay-regions and Phe34bTriPhe having three bayregions and one fj-region.
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Figure 2.28 Molecular structures of the 20 MM 378 Da PAHs included in the present study.
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2.4

Conclusions
The results presented in this paper represent the most extensive investigation of NPLC

retention behavior of PAHs and MePAHs on a polar stationary phase (i.e., the NH2 phase). The
NPLC retention of PAHs on the NH2 phase is primarily based on the number of aromatic carbon
atoms in the structure. In the case were there are differences in retention behavior, two main
structure features are shown to influence the retention of PAHs on the NH2 phase. First, the nonplanar isomers are less retentive than the planar isomers. Correlations between the non-planarity
(T) of the MM 278 Da, MM 302 Da, MM 328 Da, and MM 378 Da isomers and their retention on
the NH2 phase were reported with correlation coefficients ranging from r = -0.71 (MM 302 Da
isomers) to r = -0.99 (MM 278 Da isomers). Second, the presence of a bay-region in the structure
of isomeric PAHs resulted in the PAHs being more retentive on the NH2 phase. The retention data
reported in this study will provide the basis for developing NPLC fractionation strategies to
characterize complex PAH mixtures.
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QUALITATIVE CHARACTERIZATION OF SRM 1597A
COAL TAR FOR POLYCYCLIC AROMATIC HYDROCARBONS
AND METHYL-SUBSTITUTED DERIVATIVES VIA NORMALPHASE LIQUID CHROMATOGRAPHY AND GAS
CHROMATOGRAPHY/MMASS SPECTROMETRY
3.1

Introduction
A normal-phase liquid chromatography (NPLC) fractionation procedure was developed for

the characterization of a complex mixture of polycyclic aromatic hydrocarbons (PAHs) from a
coal tar sample (Standard Reference Material (SRM) 1597a). Using a semi-preparative
aminopropyl (NH2) LC column, the coal tar sample was separated using NPLC based on the
number of aromatic carbons; a total of 14 NPLC fractions were collected. SRM 1597a was
analyzed before and after NPLC fractionation by using gas chromatography/mass spectrometry
(GC/MS) with a 50% phenyl stationary phase. The NPLC-GC/MS method presented in this study
allowed for the identification of 72 PAHs and 56 MePAHs. These identifications were based on
the NPLC retention times for authentic reference standards, GC retention times for authentic
reference standards, and the predominant molecular ion peak in the mass spectrum. Most
noteworthy was the determination of dibenzo[a,l]pyrene, which could not be measured directly by
GC/MS because of low concentration and co-elution with dibenzo[j,l]fluoranthene. The NPLCGC/MS procedure also allowed for the tentative identification of 74 PAHs and 117 MePAHs based



Adapted from Analytical and Bioanalytical Chemistry, 409, W.B. Wilson, H.V. Hayes, L.C.
Sander, A.D. Campiglia, S.A. Wise, Qualitative characterization of SRM 1597a coal tar for
polycyclic aromatic hydrocarbons and methyl-substituted derivatives via normal-phase liquid
chromatography and gas chromatography/mass spectrometry, pp. 5171-5183. Copyright 2017,
with permission from Springer Nature.
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on the molecular ion peak only. This study represents the most comprehensive qualitative
characterization of SRM 1597a to date.

3.2

Experimental

3.2.1 Chemicals
Reference standards were obtained from several commercial sources including Bureau of
Community Reference (Brussels, Belgium), Chiron AS (Trondheim, Norway), W. Schmidt
(Ahrensburg, Federal Republic of Germany), Pfaltz and Bauer, Inc. (Waterbury, CT), Fluka
Chemie AG. (Buchs, Switzerland), and the National Cancer Institute of Chemical Carcinogen
Repository (Bethesda, MD). Additional reference standards were obtained from J. Jacob and G.
Grimmer (Biochemical Institute for Environmental Carcinogens, Ahrensburg, Federal Republic of
Germany), J. Fetzer (Chevron Research Co., Richmond CA), and A. K. Sharma (Penn State
University, College of Medicine, Department of Pharmacology, Hershey, Pennsylvania, USA).
The names and abbreviations of all PAHs and MePAHs included in this study are listed Table 3.3.
SRM 1597a (Complex Mixture of PAHs from Coal Tar) were obtained from the Office of Standard
Reference Materials at the NIST (Gaithersburg, MD, USA). HPLC grade n-hexane and
dichloromethane (DCM) were purchased from Fisher Scientific (Pittsburgh, PA, USA).

3.2.2 Normal-phase liquid chromatography fractionation
SRM 1597a was concentrated by N2 evaporation to near dryness (≈100 µL) and
reconstituted with the n-hexane/DCM mixture (98/2 vol/vol) to the volume of 1.5 mL. This allowed
for multiple sample injections at the maximum workable level for the fractionation system, i.e.
below the overloading limit of the NH2 column. The fractionation procedure consisted of injecting
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0.25 mL of the sample solution into the NH2 column using a mobile phase of 98% n-hexane, 2%
DCM, and a flow rate of 4.0 mL/min. Fourteen fractions were collected using an in-house
collection system over a 90 min time interval. The collected fractions were concentrated by N2
evaporation to individual volumes of ≈ 0.25 mL.

3.2.3 Gas chromatography/mass spectrometry measurements
PAHs were determined in a non-fractionated SRM 1597a sample and in the NPLC fractions
using GC/MS with on-column injection and the mass spectrometer programmed in selected-ion
monitoring (SIM) mode for the following molecular ions of each individual parent PAH isomer
groups: m/z 202, 228, 252, 278, 300, 302, 326, and 328. The SIM mode was used for the following
molecular ions of the MePAHs: m/z 180, 192, 216, 242, 266, and 292. The GC oven was
temperature programmed as follows for the two-ring to five-ring PAHs: isothermal at 60 oC for 2
min then 5 oC/min to 300 oC, and isothermal at 300 oC for 50 min. In the case of six- and sevenring PAHs, the GC oven temperature was programed to be isothermal at 100 oC for 1 min, with 45
o

C/min to 200 oC, 2 oC/min to 310 oC for 130 min, 45 oC/min to 325 oC, and isothermal at 325 oC

for 60 min.

3.3

Results and Discussion
SRM 1597a is a natural complex mixture of PAHs derived from coal tar for which a selected

number of PAHs have been assigned a mass fraction value. SRM 1597a has certified mass fraction
values for 34 PAHs, reference mass fraction values for 36 PAHs, and reference mass fraction
values for 10 PASHs.1 The mass fraction values for these PAHs were assigned based on combining
results from several methods including GC/MS on a 5% or 50% phenyl stationary phase, GC/MS
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on a 50% liquid crystalline-dimethylpolysiloxane stationary phase (50% LC-DMPS), and/or
RPLC-FLD.1 PASH mass fraction values were based on measurements performed with GC/MS
and GC coupled to an atomic emission detector (AED) using the same stationary phases used for
the PAHs.1-2 For detailed characterization of specific PAH isomer groups, the coal tar sample has
been fractionated by NPLC using a semi-preparative NH2 column to isolate isomeric fractions of
PAHs in previous studies.3-5 A similar approach, based on extensive NPLC PAH retention data,
was implemented in the present study prior to PAH determination by GC/MS using a recently
developed 50% phenyl phase GC column (SLB-PAHms).6
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Figure 3.1 NPLC fractionation chromatogram of SRM 1597a with UV-vis detection at 254 nm
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The NPLC chromatogram for the fractionation of SRM 1597a is shown in Figure 3.1. A
total of 14 fractions were collected over a 90 min time interval. Based on GC/MS analysis of the
fractions, the distribution and identification of the parent three-ring, four-ring, five-ring, six-ring,
and seven-ring PAHs in fractions 3 – 14 are summarized in Table 3.1. The distribution and
identification of the three-ring, four-ring, and five-ring MePAHs in fractions 3 – 11 are
summarized in Table 3.2. Fractions 1 and 2 contained one and two aromatic-ring compounds,
which were not of interest in this investigation. Individual identifications in fractions 3 – 14 are
summarized in Table 3.1. The identification of the individual PAHs was based on three criteria:
(1) the NPLC retention times of authentic reference standards, (2) GC retention times of authentic
reference standards, and (3) the predominant molecular ion peak in the mass spectrum. Using these
criteria, a total of 72 PAHs and 56 MePAHs were identified in fractions 3 – 14. The tentatively
identified number of PAHs (74) and MePAHs (117) listed in Tables 1 and 2 (within parentheses)
is based solely on criterion 3. The following sections will discuss in detail the identification of
both the parent PAHs and MePAHs.
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Table 3.1 Distribution of the identifieda and tentativelyb identified non-substituted three-ring, four-ring, five-ring, six-ring, and sevenring PAHs in NPLC fractions.
Three-Ring PAHs
Four-Ring PAHs
Five-Ring PAHs
Six-Ring PAHs
Seven-Ring PAHs
Fraction MM 166 MM 178
MM 202 MM 228
MM 252 MM 278
MM 302 MM 328
MM 300 MM 326
F3
1
2
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
F4
n.d.
n.d.
1
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
F5
n.d.
n.d.
2
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
F6
n.d.
n.d.
n.d.
2
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
F7
n.d.
n.d.
n.d.
3
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
F8
n.d.
n.d.
n.d.
n.d.
1
n.d.
n.d.
n.d.
n.d.
n.d.
F9
n.d.
n.d.
n.d.
n.d.
8 (2)
3
n.d.
n.d.
n.d.
n.d.
F10
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
4 (1)
(14)
1 (2)
n.d.
F11
n.d.
n.d.
n.d.
n.d.
n.d.
7
4 (3)
(3)
(4)
(2)
F12
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
13 (5)
3 (10)
n.d.
(10)
F13
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
1 (4)
n.d.
5 (12)
F14
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
11
n.d.
(2)
a
Identified based on retention times of reference standards.
b
Tentatively identified based on the predominant molecular ion peak in the mass spectrum. These are represented in the table by the
values located in the parentheses.
c
n.d. = Molecular ion not detected in this fraction.
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Table 3.2 Distribution of the identifieda and tentativelyb identified methyl-substituted three-ring, four-ring and five-ring MePAHs in
NPLC fractions.
Three-Ring PAHs
Four-Ring PAHs
Five-Ring PAHs
Fractions MM 180
MM 192
MM 216
MM 242
MM 266d MM 292
F3
2 (6)
8
n.d.
n.d.
n.d.
n.d.
F4
n.d.
n.d.
2
n.d.
n.d.
n.d.
F5
n.d.
n.d.
5
n.d.
n.d.
n.d.
F6
n.d.
n.d.
n.d.
7
(5)
n.d.
F7
n.d.
n.d.
n.d.
13
(3)
(5)
F8
n.d.
n.d.
n.d.
2
(3)
(7)
F9
n.d.
n.d.
n.d.
n.d.
13 (16)
(15)
F10
n.d.
n.d.
n.d.
n.d.
(15)
(6)
F11
n.d.
n.d.
n.d.
n.d.
n.d.
4 (36)
a
Identified based on the retention times obtained with reference standards.
b
Tentatively detected based on the predominant molecular ion peak in the mass spectrum. These
are represented in the table by the values located in the parentheses.
c
n.d. = Molecular ion not detected in this fraction.
d
The tentatively identified MM 266 Da MePAH isomers may correspond to the five-ring catacondensed MM 266 parent PAH isomers.
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Table 3.3 PAHs identified in SRM 1597a via NPLC-GC/MS.

Abbreviations

MM
(Da)

Fraction
Identified

COA b
Mass Fraction
(mg/kg)

Flu
1-MeFlu
2-MeFlu
Ant
1-MeAnt
2-MeAnt
9-MeAnt
Phe
1-MePhe
2-MePhe
3-MePhe
4-MePhe
9-MePhe

166
180
180
178
192
192
192
178
192
192
192
192
192

F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3

145 ± 4
107 ± 3
10.4 ± 0.2
454 ± 7
9.23 ± 0.22
19.1 ± 1.1
15.8 ± 0.8
1.04 ± 0.13
5.31 ± 0.5

Four-ring peri-condensed PAHs
Acephenanthrene
Fluoranthene
1-Methylfluoranthene
3-Methylfluoranthene
7-Methylfluoranthene
8-Methylfluoranthene
Pyrene
1-Methylpyrene
2-Methylpyrene
4-Methylpyrene

AcePhe
Fluor
1-MeFluor
3-MeFluor
7-MeFluor
8-MeFluor
Pyr
1-MePyr
2-MePyr
3-MePyr

202
202
216
216
216
216
202
216
216
216

F5
F5
F5
F5
F5
F5
F4
F5
F4
F4

327 ± 7
6.33 ± 0.78
240 ± 7
4.6 ± 1.1
9.0 ± 2.1
5.13 ± 0.36

Four-ring cata-condensed PAHs
Benz[a]anthracene
1-Methylbenz[a]anthracene
2-Methylbenz[a]anthracene
3-Methylbenz[a]anthracene
4-Methylbenz[a]anthracene
5-Methylbenz[a]anthracene
6-Methylbenz[a]anthracene
7-Methylbenz[a]anthracene
8-Methylbenz[a]anthracene
9-Methylbenz[a]anthracene
10-Methylbenz[a]anthracene
11-Methylbenz[a]anthracene

BaA
1-MeBaA
2-MeBaA
3-MeBaA
4-MeBaA
5-MeBaA
6-MeBaA
7-MeBaA
8-MeBaA
9-MeBaA
10-MeBaA
11-MeBaA

228
242
242
242
242
242
242
242
242
242
242
242

F7
F6
F7
F7
n.d.
F7
F7
F8
F7
F7
F7
F6

98.1 ± 2.3
-

PAHs
Three-ring PAHs
Fluorene
1-Methylfluorene
2-Methylfluorene
Anthracene
1-Methylanthracene
2-Methylanthracene
9-Methylanthracene
Phenanthrene
1-Methyphenanthrene
2-Methyphenanthrene
3-Methyphenanthrene
4-Methyphenanthrene
9-Methyphenanthrene
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PAHs
12-Methylbenz[a]anthracene
Benzo[c]phenanthrene
1-Methylbenzo[c]phenanthrene
2-Methylbenzo[c]phenanthrene
3-Methylbenzo[c]phenanthrene
4-Methylbenzo[c]phenanthrene
5-Methylbenzo[c]phenanthrene
6-Methylbenzo[c]phenanthrene
Chrysene
1-Methylchrysene
2-Methylchrysene
3-Methylchrysene
4-Methylchrysene
5-Methylchrysene
6-Methylchrysene
Triphenylene
1-Methyltriphenylene
2-Methyltriphenylene
Naphthacene

Abbreviations
12-MeBaA
BcPhe
1-MeBcPhe
2-MeBcPhe
3-MeBcPhe
4-MeBcPhe
5-MeBcPhe
6-MeBcPhe
Chr
1-MeChr
2-MeChr
3-MeChr
4-MeChr
5-MeChr
6-MeChr
TriPhe
1-MeTriPhe
2-MeTriPhe
Nap

MM
(Da)
242
228
242
242
242
242
242
242
228
242
242
242
242
242
242
228
242
242
228

Five-ring peri-condensed PAHs
Benz[e]aceanthrylene
Benz[j]aceanthrylene
Benz[j]acephenanthrylene
Benz[k]acephenanthrylene
Benz[l]acephenanthrylene
Benzo[a]fluoranthene
Benzo[b]fluoranthene
Benzo[j]fluoranthene
Benzo[k]fluoranthene
Benzo[e]pyrene
Benzo[a]pyrene
1-Methylbenzo[a]pyrene
2-Methylbenzo[a]pyrene
3-Methylbenzo[a]pyrene
4-Methylbenzo[a]pyrene
5-Methylbenzo[a]pyrene
6-Methylbenzo[a]pyrene
7-Methylbenzo[a]pyrene
8-Methylbenzo[a]pyrene
9-Methylbenzo[a]pyrene
10-Methylbenzo[a]pyrene

BeAce
BjAce
BjAcep
BkAcep
BlAcep
BaF
BbF
BjF
BkF
BeP
BaP
1-MeBaP
2-MeBaP
3-MeBaP
4-MeBaP
5-MeBaP
6-MeBaP
7-MeBaP
8-MeBaP
9-MeBaP
10-MeBaP

252
252
252
252
252
252
252
252
252
252
252
266
266
266
266
266
266
266
266
266
266

97

Fraction
Identified
n.d.
F6
n.d.
F6
F6
F6
F6
F6
F7
F7
F7
F7
F7
F7
F7
F7
n.d.
F8
F6

COA b
Mass Fraction
(mg/kg)
11.0 ± 0.5
66.2 ± 5.3
2.57 ± 0.03
12.1 ± 0.6
-

F9
F9
F9
F9
n.d.
F9
F9
F9
F9
F9
F8
F9
F9
F9
F9
F9
F9
F9
F9
F9
n.d.

66.1 ± 4.4
36.5 ± 2.4
41.2 ± 0.4
50.4 ± 1.0
93.5 ± 1.4
-

PAHs
11-Methylbenzo[a]pyrene
12-Methylbenzo[a]pyrene
Perylene
1-Methylperylene
2-Methylperylene
3-Methylperylene

Abbreviations
11-MeBaP
12-MeBaP
Per
1-MePer
2-MePer
3-MePer

MM
(Da)
266
266
252
266
266
266

Five-ring cata-condensed PAHs
Benzo[a]naphthacene
Benzo[b]chrysene
Benzo[c]chrysene
Benzo[g]chrysene
Dibenz[a,c]anthracene
Dibenz[a,h]anthracene
Dibenz[a,j]anthracene
Dibenzo[b,g]phenanthrene
Dibenzo[c,g]phenanthrene
Pentaphene
Picene
1-Methylpicene
2-Methylpicene
3-Methylpicene
6-Methylpicene
13-Methylpicene

BaNap
BbC
BcC
BgC
DBacA
DBahA
DBajA
DBbgPhe
DBcgPhe
Pen
Pic
1-MePic
2-MePic
3-MePic
6-MePic
13-MePic

278
278
278
278
278
278
278
278
278
278
278
292
292
292
292
292

F11
F11
F9
F9
F11
F11
F11
F9
n.d.
F11
F11
F11
F11
F11
F11
n.d.

10.8 ± 0.4
4.35 ± 0.21
6.93 ± 0.40
6.80 ± 0.46
4.6 ± 1.5
6.59 ± 0.22
-

Six-ring peri-condensed PAHs
Benzo[a]perylene
Benzo[b]perylene
Dibenzo[a,e]pyrene
Dibenzo[a,h]pyrene
Dibenzo[a,i]pyrene
Dibenzo[a,l]pyrene
Dibenzo[e,l]pyrene
Dibenzo[a,e]fluoranthene
Dibenzo[a,f]fluoranthene
Dibenzo[a,k]fluoranthene
Dibenzo[b,e]fluoranthene
Dibenzo[b,k]fluoranthene
Dibenzo[j,l]fluoranthene
Dibenzo[de,mn]naphthacene
Naphtho[1,2-a]pyrene
Naphtho[1,2-e]pyrene

BaPer
BbPer
DBaeP
DBahP
DBaiP
DBalP
DBelP
DBaeF
DBafF
DBakF
DBbeF
DBbkF
DBjlF
DBNap
N12aP
N12eP

302
302
302
302
302
302
302
302
302
302
302
302
302
302
302
302

F10
F12
F12
F11
F11
F10
F12
n.d.
n.d.
F12
F11
F12
F12
n.d.
F10
F10

9.04 ± 0.99
9.08 ± 0.39
2.57 ± 0.30
3.87 ± 0.34
1.12 ± 0.17
2.72 ± 0.17
3.21 ± 0.31
0.98 ± 0.02
11.2 ± 0.8
6.5 ± 1.4
-
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Fraction
Identified
n.d.
F9
F9
F9
F9
F9

COA b
Mass Fraction
(mg/kg)
24.6 ± 0.9

-

PAHs
Naphtho[2,1-a]pyrene
Naphtho[2,3-a]pyrene
Naphtho[2,3-e]pyrene
Naphtho[1,2-b]fluoranthene
Naphtho[1,2-k]fluoranthene
Naphtho[2,1-b]fluoranthene
Naphtho[2,3-b]fluoranthene
Naphtho[2,3-j]fluoranthene
Naphtho[2,3-k]fluoranthene

Abbreviations
N21aP
N23aP
N23eP
N12bF
N12kF
N21bF
N23bF
N23jF
N23kF

MM
(Da)
302
302
302
302
302
302
302
302
302

Six-ring cata-condensed PAHs
Benzo[b]picene
Benzo[c]picene
Benzo[c]pentaphene
Benzo[h]pentaphene
Dibenzo[a,j]naphthacene
Dibenzo[a,l]naphthacene
Dibenzo[c,p]chrysene
Dibenzo[g,p]chrysene
Dibenzo[b,k]chrysene
Dibenzo[a,c]naphthacene
Naphtho[1,2-b]triphenylene
Naphtho[1,2-a]naphthacene
Naphtho[2,1-a]naphthacene
Naphtho[1,2-b]chrysene
Naphtho[2,3-g]chrysene
Hexaphene
Phenanthro[3,4-c]phenanthrene

BbPic
BcPic
BcPen
BhPen
DBajNap
DBalNap
DBcpC
DBgpC
DBbkC
DBacNap
N12bTriPhe
N12aNap
N21aNap
N12bC
N23gC
Hexap
Phe34cPhe

328
328
328
328
328
328
328
328
328
328
328
328
328
328
328
328
328

Fraction
Identified
F12
F11
F12
F12
F12
n.d.
F12
F12
F12

COA b
Mass Fraction
(mg/kg)
10.2 ± 0.9
4.29 ± 0.89
4.31 ± 0.44
8.6 ± 2.0
10.7 ± 1.2
3.52 ± 0.30
2.07 ± 0.06

F14
F13
F14
F14
F14
F14
F12
n.d.
F14
F14
F14
F12
F14
F14
F12
F14
n.d.

-

Seven-ring peri-condensed PAHs
Coronene
Cor
300
F10
Acenaphtho[1,2-j]fluoranthene
A12jF
326
n.d.
Acenaphtho[1,2-k]fluoranthene
A12kF
326
n.d.
Dibenzo[b,ghi]perylene
DBbghiPer
326
F13
Dibenzo[b,qpr]perylene
DBbqprPer
326
F13
Dibenzo[cd,lm]perylene
DBcdlmPer
326
F13
Diindeno[1,2,3-de,1’,2’,3’-kl]anthracene Rubicene
326
n.d.
Naphtho[1,2,3,4-ghi]perylene
N1234ghiPer 326
F13
Naphtho[8,1,2-bcd]perylene
N812bcdPer
326
F13
a
n.d. = PAH was not detected in the SRM but a reference standard was available.
b
Reference [8].
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8.7 ± 1.8
-

3.3.1 Three-ring PAHs
The GC/MS chromatograms obtained for the three-ring MM 166 Da PAHs and MM 180
Da MePAH isomers in SRM 1597a and F3 are shown in Figure 3.2. Fluorene (Flu) is one of the
five possible three-ring MM 166 Da PAHs and is the only isomer reported in the COA for SRM
1597a. The remaining four isomers are 3H-benz[e]indene, 1H-benz[e]indene, 1H-benz[f]indene,
and phenalene.7 No reference standards were available for their identification in the coal tar
sample, but there were four peaks tentatively identified as MM 166 Da PAH isomers (Figure 3.2,
peaks 1 – 4). There are a total of 36 possible MM 180 Da MePAH isomers for the five MM 166
Da PAH isomers.8 1-Me and 2-MeFlu, the only methyl-substituted isomers identified for Flu, and
six additional methyl isomers were tentatively identified in the coal tar sample (peaks 1 – 6).
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Figure 3.2 GC/MS chromatograms in SIM mode for the m/z 166 and m/z 180 for SRM 1597a and
F3
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The GC/MS chromatograms obtained for the three-ring MM 178 Da PAHs and MM 192
Da MePAH isomers in SRM 1597a and F3 are shown in Figure 3.3. Anthracene (Ant) and
phenanthrene (Phe) are reported in the COA of the coal tar sample with relatively high mass
fraction values and have been successfully analyzed in the sample without the need of NPLC
fractionation previously.1 2-Me, 3-Me, and 9-MePhe isomers are identified with no interference in
the GC/MS chromatograms. 1-Me and 4-MePhe co-elute in the GC/MS chromatograms. Similar
observations were obtained by Poster et al. for measuring the five MePhe isomers in diesel
particulate-related SRM samples.7 Previous work by Wise et al. has demonstrated the ability to
identify 1-Me and 4-MePhe in the coal tar sample using different GC stationary phases.1 In this
study, the three possible MeAnt isomers are identified in the coal tar sample, but 2-MeAnt is the
only isomers previously reported in the COA.1 The signal in the GC/MS chromatogram for 1-Me
and 2-MeAnt are about 2 orders of magnitude higher than 9-MeAnt.
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Figure 3.3 GC/MS chromatograms in SIM mode for the m/z 178 and m/z 192 for SRM 1597a and
F3.
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3.3.2 Four-ring PAHs
The GC/MS chromatograms obtained for the peri-condensed MM 202 Da PAH isomers in
SRM 1597a, F4, and F5 are shown in Figure 3.4a - c, respectively. The GC/MS chromatograms
obtained for the peri-condensed MM 216 Da MePAH isomers in SRM 1597a, F4, F5, and F6 are
shown in Fig. S4a, S4b, S4c, and S4d, respectively. In the case of MM 202 Da PAHs, three of the
four possible isomers were identified and baseline resolved in the GC/MS chromatogram of the
unfractionated coal tar sample. In the case of the MM 216 Da MePAH isomers, the three MePyrene
(MePyr) isomers were well resolved but there was co-elution between three of the four
MeFluoranthene (MeFluor) isomers. In the unfractionated sample, the three predominate peaks
(48 – 49 min) in the GC/MS chromatograms are from the four-ring cata-condensed MM 216 Da
PAH isomers: 7H-benzo[c]fluorene, 11H-benzo[a]fluorene, and 11H-benzo[b]fluorene. These
PAH isomers elute in F6 based on the GC/MS chromatogram shown in Figure 3.5. The three
MePyr isomers are isolated in F4 and F5. The four MeFluor isomers are isolated in F5 and F6. One
additional MM 216 Da MePAH isomer (peak 1), presumably a MeFluor isomer, was tentatively
identified in the coal tar sample (F5).
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Figure 3.4 GC/MS chromatograms in SIM mode for the m/z 202 ion for the following samples:
(a) SRM 1597a, (b) F4, and (c) F5.
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Figure 3.5 GC/MS chromatograms in SIM mode for the m/z 216 ion for the following samples:
(a) SRM 1597a, (b) F4, (c) F5, and (d) F6.
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The GC/MS chromatograms obtained for the five cata-condensed MM 228 Da isomers in
SRM 1597a, F6, and F7 are shown in Figure 3.6a - c, respectively. Benzo[c]phenanthrene (BcPhe),
benz[a]anthracene (BaA), triphenylene (TriPhe), and chrysene (Chr) are detected in the sample
and are reported in the COA. Naphthacene (Nap) is not reported in the COA but was identified in
the unfractionated sample (Figure 3.6a) and F6 (Figure 3.6b). Based on the retention behavior
reported by Wilson et al., BcPhe and Nap elute in the NPLC fraction before BaA, TriPhe and Chr.6
The GC/MS chromatograms obtained for the cata-condensed MM 242 Da MePAH isomers in
SRM 1597a, F6, F7, and F8 are shown in Figure 3.7a - c, respectively. Based on these results, 22
of the possible 29 isomers were identified in F6, F7, and F8 (Table 3.1).

Figure 3.6 GC/MS chromatogram in SIM mode for the m/z 228 ion for the following samples: (a)
SRM 1597a, (b) F6, and (c) F7.
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Six of the seven methyl-substituted isomers identified in F6 have a high degree of nonplanarity with T values of 5.00 Å (3-MeBcPhe) to 5.39 Å (4-MeBcPhe). 11-MeBaA is the one
planar isomer to elute in F6, an expected behavior that confirms previously reported retention
index (log I) data.6 The largest number of MM 242 Da isomers were identified in F7 (13 total),
which included the non-planar 4-Me and 5-MeChr isomers (T = 5.01 Å and 5.28 Å, respectively).
For no apparent reason, these two isomers are retained on the NH2 phase slightly longer than the
non-planar isomers in F6.6 The only three isomers for which no reference standards were available
are 1-Me, 2-Me, and 12-MeNap. Three unidentified peaks (peaks 1 – 3) in the GC/MS
chromatogram of F7 were tentatively identified to have a MM of 242 Da, however; these three
isomers would be expected to elute in F6 with Nap because of their planar molecular structure.
The benefit of using NPLC fractionation is demonstrated with all three fractions (F6, F7, and
F8). 2-Me and 11-MeBaA co-elute in the unfractionated sample; on the contrary, after the NPLC
fractionation, 11-MeBaA is identified in F6 and 2-MeBaA is identified in F7. In the case of 4-Me,
5-Me, and 6-MeBcPhe, the contribution of an unidentified compound that is present in the
unfractionated sample is removed from the sample in F6. 7-MeBaA and 2-MeTriPhe are separated
in the NPLC fractionation procedure from other interfering isomers. There are still cases were
isomers co-elute after fractionation, and in these cases, analysis of the fractions could be beneficial
using multiple GC stationary phases with different selectivities.
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Figure 3.7 GC/MS analysis with SIM for the m/z 242 ion for the following samples: (a) SRM
1597a, (b) F6, (c) F7, and (d) F8.
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3.3.3 Five-ring PAHs
The GC/MS chromatograms obtained for the five-ring peri-condensed MM 252 Da PAH
isomers in SRM 1597a, F7, and F8 are shown in Figure 3.8a -c, respectively. Benzo[b]fluoranthene
(BbF), benzo[k]fluoranthene (BkF), benzo[j]fluoranthene (BjF), benzo[a]fluoranthene (BaF),
benzo[e]pyrene (BeP), benzo[a]pyrene (BaP), and perylene (Per) are identified in the GC/MS
chromatogram of the unfractionated sample and reported in the COA. After fractionation, BaP was
identified in F8 and the other six PAHs were identified in F9. The five remaining PAHs that are
not reported in the COA include benz[k]acephenanthrylene (BkAcep), benz[l]acephenanthrylene
(BlAcep),

benz[j]acephenanthrylene

(BjAcep),

benz[j]aceanthrylene

(BjAce),

and

benz[e]aceanthrylene (BeAce). Based on the GC retention of reference standards, the following
isomers co-elute with each other in the GC/MS chromatogram: (1) BaF and BkAcep; (2) BlAcep
and BjAcep; and (3) BjAce and BeAce. Nalin et al. has recently shown the ability to separate and
identify BaF and BkAcep in SRM 1597a using a 50% LC-DMPS stationary phase.9 BlAcep and
BjAcep co-elute on the 50% phenyl phase but in the study by Nalin et al. both isomers are separated
using a 50% LC-DMPS phase.9 By combining the current results with the results of Nalin et al.,
we can identify the presence of BlAcep in SRM 1597a.9 BjAce and BeAce co-elute on both
stationary phases and because of their relatively low response in the GC/MS chromatograms,
identification was not possible in the coal tar sample.
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Figure 3.8 GC/MS analysis with SIM for the m/z 252 ion for the following samples: (a) SRM
1597a, (b) F7 and (c) F8. GC/MS analysis with SIM for the m/z 278 ion for the following samples:
(d) SRM 1597a, (e) F9 and (f) F11.

For the 12 MM 252 Da isomers in this study, there are a total of 130 possible MM 266 Da
MePAH isomers but only 15 reference standards were available (12 MeBaP isomers and 3 MePer
isomers). The GC/MS chromatograms obtained for the five-ring peri-condensed MM 266 Da
MePAH isomers in SRM 1597a, F6, F7, F8, F9, and F10 are shown in Fig. 4a, 4b, 4c, 4d, 4e, and
4f, respectively. 1-Me, 2-Me, 3-Me, 4-Me, 5-Me, 6-Me, 8-Me, 9-Me, and 12-MeBaP were
identified in F9 along with 2-Me and 3-MePer. 10-Me and 11-MeBaP were not detected in the
coal tar sample but would have eluted in F8 due to their non-planarity (T = 4.98 Å and 4.89 Å,
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respectively).6 Based on reference standards, 7-MeBaP and 1-MePer would elute in F9 of the
NPLC chromatogram. Both of these isomers co-elute in the GC/MS chromatogram (Figure 3.8e)
not allowing for the confirmation that both or one of the two isomers are identified in coal tar
sample. In addition to the 11 MePAHs identified based on reference standards, there were a total
of 42 MM 266 Da MePAH isomers tentatively identified in the coal tar sample in the following
fractions (peaks 1 – 42): (F6) 5, (F7) 3, (F8) 3, (F9) 16, and (F10) 15. It is important to note that
some of the tentatively identified peaks in these fractions could be from the five-ring MM 266 Da
cata-condensed PAH isomer group (i.e., 7H-Dibenzo[c,g]fluorene), which is a benzene ring
extension to the four-ring MM 216 Da cata-condensed PAH isomers identified in Figure 3.9.8 The
MM 266 Da PAH and MePAH isomer groups have the same number of aromatic carbon atoms
(i.e., 20) and would be expected to elute in the same NPLC fractions.6
The GC/MS chromatograms obtained for the five-ring cata-condensed MM 278 Da PAH
isomers in SRM 1597a, F9, and F10 are shown in Figure 3.8d - f, respectively.
Dibenzo[b,g]phenanthrene (DBbgPhe), benzo[g]chrysene (BgC), benzo[c]chrysene (BcC),
dibenzo[a,j]anthracene (DBajA), dibenzo[a,c]anthracene (DBacA), dibenzo[a,h]anthracene
(DBahA), pentaphene (Pen), benzo[b]chrysene (BbC), benzo[a]naphthacene (BaNap), and picene
(Pic) are identified in the unfractionated sample with co-elution between DBahA and Pen. Nalin
et al. have identified DBahA and Pen in SRM 1597a by separating these two isomers using a 50%
LC-DMPS phase.9 The theoretical number of isomers for the MM 278 Da PAHs is 12, and these
isomers differ significantly in terms of non-planarity.8, 10 DBbgPhe, BgC, and BcC have T values
of 5.23 Å, 5.32 Å, and 5.40 Å, respectively. These three MM 278 Da isomers elute in F9 and the
planar isomers (T ≈ 3.89 Å) eluted in the F11. No MM 278 Da PAH isomers were detected in F10.
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Dibenzo[c,g]phenanthrene (DBcgPhe) and pentacene (penta) were not identified in the coal tar
sample but they would have eluted in F9 and F11, respectively, based on NPLC retention data.6
The GC/MS chromatograms obtained for the five-ring cata-condensed MM 292 Da
MePAH isomers in SRM 1597a, F7, F8, F9, F10, and F11 are shown in Figure 3.10a - f,
respectively. There are a total of 130 possible isomers for the methyl-substituted five-ring catacondensed PAHs.8 In the current study, reference standards were only available for 1-Me, 2-Me,
3-Me, 6-Me, and 13-MePic isomers. Despite the planarity differences for 1-Me, 2-Me, 3-Me, and
6-MePic (T = 4.20 Å – 5.56 Å), all four isomers were identified in F11. There are a total of 69
possible MM 292 Da MePAH isomers tentatively identified in the coal tar sample in the following
fractions: (F7) 5, (F8) 7, (F9) 15, (F10) 6, and (F11) 36 (peaks 1 – 69). Even though standards
were not available for positive identification, the power of the NPLC fractionation to provide
potential identification and eventual quantification is evident.
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Figure 3.9 GC/MS analysis with SIM for the m/z 266 ion for (a) SRM 1597a, (b) F6, (c) F7, (d)
F8, (e) F9, and (f) F10.
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Figure 3.10 GC/MS analysis with SIM for the m/z 292 ion for (a) SRM 1597a, (b) F7, (c) F8, (d)
F9, (e) F10, and (f) F11.
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3.3.4 Six-ring PAHs
The MM 302 Da isomers are the largest group of PAH isomers previously characterized in
SRM 1597a.1, 5, 11-12 NIST has quantified a total of 17 MM 302 Da isomers and identified an
additional 6 isomers. The mass fraction concentrations assigned to the 17 MM 302 Da isomers
reported in the COA are based on the combination of results from five separate analytical
approaches as described elsewhere. 1, 5, 11-12 In addition, several recent publications have supplied
additional qualitative and quantitative information on these isomers in SRM 1597a.4, 13-14 Wilson
et al. demonstrated the use of 4.2 K laser-excited time-resolved Shpol’skii spectroscopy to
determine the dibenzo[a,l]pyrene (DBalP), dibenzo[a,e]pyrene (DBaeP), dibenzo[a,i]pyrene
(DBaiP), dibenzo[a,h]pyrene (DBahP), and naphtho[2,3-a]pyrene (N23aP) isomers in RPLC
fractions of SRM 1597a.13 Moore et al. quantified the same five isomers using the combination of
4.2 K excitation-emission matrices and parallel factor analysis without a chromatographic
separation.14 Qualitative measurements have been performed by Oña-Ruales et al. to demonstrate
the advantage of using NPLC to separate the MM 302 Da isomers based on planarity differences
prior to GC/MS analysis.4 Recently, Wilson et al. reported NPLC retention data that explains the
observations previously reported by Oña-Ruales et al..4, 6 In the present study, we refine and
expand the use of NPLC to improve on the separation and characterization of MM 302 Da isomers
in SRM 1597a.
The GC/MS chromatogram obtained for the MM 302 Da isomers in SRM 1597a
(unfractionated) is shown in Fig. 6a using the SLB-PAHms column (50% phenyl), which is similar
to the results published previously by Schubert et al. using a DB-17ms (50% phenyl) GC column
with identical dimensions (60 m x 0.25 mm i.d. x 0.25 µm film thickness).11 A number of the
isomers remain unresolved despite the long column lengths and extended analysis time. Among
116

the NPLC fractions isolated, the MM 302 Da isomers were identified in F10, F11, and F12 as
shown in Figure 3.11b - d, respectively. Based on criteria 1 and 2 discussed previously, the number
of MM 302 Da PAH isomers identified in F10, F11, and F12 were 4, 4, and 13, respectively. Based
on criterion 3, eight additional MM 302 Da PAH isomers (peaks 1 – 8 in Figure 3.11) were
tentatively identified in F10, F11, and F12.
The GC analyses of NPLC fractions reported in this study were obtained using the same
chromatographic conditions previously published by Schubert et al.11 The elution profiles on both
GC columns were expected to be similar since both stationary phases are 50% phenyl phases;
however, there were some differences in selectivity. One of the differences involved the elution
order of naphtho[1,2-a]pyrene (N12aP) and naphtho[2,3-k]fluoranthene (N23kF). Schubert et al.
identified N23kF eluting before N12aP on a DB-17ms column.11 N12aP elutes before N23kF in
the present study on the SLB-PAHms column. The second difference involves the retention
behavior of naphtho[1,2-e]pyrene (N12eP). In the current study N12eP co-elutes with
dibenzo[a,k]fluoranthene (DBakF); where as in the Schubert et al. study, N12eP co-eluted with
dibenzo[j,l]fluoranthene (DBjlF).11 The retention behavior in the current study was confirmed
based on comparison of retention times of authentic reference standards.
The third separation difference involves the elution of DBalP, which is the most
carcinogenic PAH reported, and its accurate determination in combustion-related samples is of
considerable importance but difficult to achieve.15-16 Schubert et al. reported the separation of
DBalP from DBjlF; however, in the present study both MM 302 Da isomers co-elute in the GC/MS
chromatogram obtained for the SRM 1597a without NPLC fractionation (Fig. 6a).11 Due to the
differences in structural non-planarity of DBalP (T = 5.17 Å) and DBjlF (T = 4.40 Å), DBalP is
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separated from DBjlF in the NPLC fractionation step. As clearly shown in Figure 3.11b, DBalP
can be determined easily in the GC/MS chromatogram of F10.

Figure 3.11 GC/MS analysis with SIM for the m/z 302 ion for the following samples: (a) SRM
1597a, (b) F10, (c) F11, and (d) F12.
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The theoretical number of isomers for the MM 328 Da PAHs is 37, and the isomers differ
significantly in terms of non-planarity.8, 10 Reference standards were available for a total of 17
isomers of MM 328 Da PAHs. Direct qualitative or quantitative analysis of the MM 328 Da
isomers via GC/MS (no NPLC fractionation) is extremely difficult due to low concentration and
co-eluting peaks as shown in Figure 3.12a. The MM 328 Da isomers were expected in F11 and later
based on the retention times obtained with reference standards on the NH2 column: (F11)
phenanthro[3,4-c]phenanthrene (Phe34cPhe)
dibenzo[c,p]chrysene

(DBcpC),

and dibenzo[g,p]chrysene (DBgpC); (F12)

naphtho[2,3-g]chrysene

(N23gC),

and

naphtho[1,2-

a]naphthacene (N12aNap); (F13) benzo[c]picene (BcPic); and (F14) naphtho[1,2-b]triphenylene
(N12bTriPhe),

benzo[h]pentaphene

dibenzo[a,c]naphthacene

(BhPen),

(DBacNap),

benzo[c]pentaphene

dibenzo[a,j]naphthacene

(BcPen),
(DBajNap),

dibenzo[a,l]naphthacene (DBalNap), naphtho[1,2-b]chrysene (N12bC), dibenzo[b,k]chrysene
(DBbkC), hexaphene (Hexap), benzo[b]picene (BbPic), and naphtho[2,1-a]naphthacene
(N21aNap).6 DBgpC and Phe34cPhe were expected to elute in F11 with T = 6.15 Å and T = 7.41
Å, respectively.6 DBcpC, N23gC, and N12aNap elute together in F12 because of their similar T
values of 5.62 Å, 5.43 Å, and 5.00 Å, respectively. The non-planar BhPen (T = 4.85 Å) elutes in
F14 with the 10 planar isomers. For the planar isomers (T ≈ 3.90 Å), 10 of 11 isomers eluted within
the same fraction (F14). BcPic was the one planar isomer that eluted in F13. With the exception
of BhPen, all the non-planar isomers eluted in the fractions prior to the planar isomers. The
retention behavior of BcPic and BhPen was expected based on their NPLC retention behavior.6
The GC/MS chromatograms obtained for F11 and F12 are shown in Figure 3.12b and
Figure 3.12c, respectively. Phe34cPhe and DBgpC were not detected in F11 while DBcpC,
N23gC, and N12aNap were identified in F12. In the case of DBcpC and N23gC, they were baseline
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resolved in both GC/MS chromatograms without (Figure 3.12a) and with (Figure 3.12c) NPLC
fractionations. N12aNap was better resolved in the GC/MS chromatogram of F12 because of the
elimination of other PAHs during the NPLC fractionation. In addition to the 6 non-planar isomers
available in this study, there are 15 unidentified non-planar isomers shown in Figure 3.13 with T
values ranging from 5.23 Å (N23aTe) to 6.57 Å (DBcgC). In the case of F11, there were two
unidentified MM 328 Da isomers identified (peaks labeled 1 and 10). Based on the T values of the
15 non-planar isomers for which no reference standards were available, these two peaks could
possibly be the extremely non-planar isomers, i.e., DBclC (T = 5.97 Å), N21cC (T = 6.00 Å), BsPic
(T = 6.00 Å), N12gC (T = 6.11 Å), N12aTe (T = 6.24 Å) and/or DBcgC (T = 6.57 Å). In the case
of F12, there were nine additional MM 328 Da isomers tentatively identified (peaks labeled 2, 3,
7, 9, 10, and 12-15 in Figure 3.12). Those nine tentatively identified MM 328 Da isomers could
be the nine remaining non-planar isomers for which no reference standards were available, which
have T values ranging from 5.23 Å (N23aTe) to 5.44 Å (N23cC and BfPic).
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Figure 3.12 GC/MS analysis with SIM for the m/z 328 ion for the following samples: (a) SRM 1597a, (b)
F11, (c) F12, (d) F13, and (e) F14
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The GC/MS chromatograms obtained for F13 and F14 are shown in Figure 3.12d and
Figure 3.12e, respectively. BcPic was the only MM 328 Da isomer detected in F13 with an
available reference standard. The largest number of MM 328 Da isomers (11) were found in F14.
In comparison to the GC/MS chromatogram shown in Figure 3.12a, the chromatogram of F14
(Figure 3.12e) was improved significantly by the removal of a substantial portion of the MM 326
Da isomers through the NPLC fractionation step (F13, Table 3.3). In addition, four MM 328 Da
isomers were tentatively identified in F13 and one in F14, which are most likely the five planar
isomers shown in Figure 3.14 with T ≈ 3.90 Å.
The NPLC conditions used in the present study allowed for BcPic and N21aNap to be
determined in separate fractions. Oña-Ruales et al. previously reported the semi-quantitative
determination of BcPic and N21aNap together using a similar NPLC fractionation procedure that
had both isomers elute in the same NPLC fraction.4 Quantitative analysis of some MM 328 Da
isomers is still limited despite the benefits of the NPLC fractionation conditions in the present
study. DBalNap, N12bC, DBajNap, DBbkC, and Hexap were collected in the same fraction (F14)
and are only partially resolved in the GC/MS chromatogram (Figure 3.12e) obtained with the 50%
phenyl phase.
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Figure 3.13 Molecular structures and thickness (T) of the 15 non-planar MM 328 Da PAHs not
included in the present study.

Figure 3.14 Molecular structures and thickness (T) of the 5 planar MM 328 Da PAHs not included in the
present study.
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3.3.5 Seven-ring PAHs
Coronene (Cor) is typically the only PAH of MM 300 Da quantitatively measured in
combustion-related and environmental samples due to the lack of authentic reference standards for
additional isomers.4, 11, 17 Because of their mass fragmentation similarities with the MM 302 Da
PAHs, quantitation via direct analysis with GC/MS is often difficult depending on the stationary
phase.11 The GC/MS chromatogram obtained for the MM 300 Da isomers in SRM 1597a is shown
in Figure 3.15a, which easily demonstrates this issue. Cor was the only MM 300 Da isomer
identified based on all three criteria discussed previously. Small contributions are observed in the
chromatogram from the MM 302 Da isomers because of the presence of a m/z 300 fragmentation
peak in their mass spectra. The presence of the MM 302 Da isomers in the chromatogram would
prevent Cor from being baseline resolved from other peaks and possibly leading to inaccurate
quantitative measurement. The GC/MS chromatograms shown in Figure 3.15b (F10) and Figure
3.15c (F11) illustrate the benefits of the NPLC fractionation step prior to GC/MS measurements.
The contribution of the MM 302 Da isomers shown in Figure 3.15a is significantly reduced. Six
additional MM 300 Da isomers were tentatively identified in F10 and F11 of the coal tar sample
(peaks 1 – 6).
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Figure 3.15 GC/MS chromatograms in SIM mode for the m/z 300 ion for the following samples:
(a) SRM 1597a, (b) F10, and (c) F11. The asterisk (*) indicates the presence of MM 302 Da PAH
isomers in the fractions.
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The GC/MS chromatograms obtained for the seven-ring MM 326 Da PAH isomers in SRM
1597a, F11, F12, F13, and F14 are shown in Figure 3.16 respectively. Dibenzo[b,ghi]perylene
(DBbghiPer), dibenzo[b,qpr]perylene (DBbqprPer), naphtho[1,2,3,4-ghi]perylene (N1234ghiPer),
naphtho[8,1,2-bcd]perylene (N812bcdPer), and dibenzo[cd,lm]perylene (DBcdlmPer) are
identified in the unfractionated sample (Fig. S9a) and in F13 (Figure 3.16d). Reference standards
were available for acenaphtho[1,2-j]fluoranthene (A12jF), acenaphtho[1,2-k]fluoranthene
(A12kF), and diindeno[1,2,3-de,1’,2’,3’-kl]anthracene (Rubicene) but they were not identified in
the sample. Due to the NPLC fractionation, there was a total of 24 additional MM 326 Da isomers
tentatively identified in the coal tar sample (peaks 1 – 24). From examining the GC/MS
chromatograms of F12, F13 and F14, it is clearly shown that the NPLC fractionation separated
two interfering MM 326 Da isomers into different fractions from the five identified isomers. In the
case of N1234ghiPer, the interfering MM 326 Da PAH isomer (peak 24) elutes earlier in F12. In
the case of DBbqprPer, the interfering MM 326 Da PAH isomer (peak 23) elutes in F14. Similar
observations were reported previously by Oña-Ruales et al. using different fractionation conditions
and a slightly different GC/MS stationary phase.3
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Figure 3.16 GC/MS chromatograms in SIM mode for the m/z 326 ion for the following samples:
(a) SRM 1597a, (b) F11, (c) F12, (d) F13, and (e) F14.
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3.4

Conclusions
A NPLC fractionation procedure using a NH2 column was developed and used in

combination with GC/MS for the identification of three-ring to seven-ring PAHs in a coal tar
sample (SRM 1597a). Direct comparison between GC/MS analysis with and without NPLC
fractionation clearly illustrates the benefit of the NPLC fractionation procedure. A total of 72
PAHs and 56 MePAHs were identified based on comparison with authentic standards, and an
additional 74 PAHs and 117 MePAHs were tentatively identified. The results presented in this
paper represent the most extensive qualitative characterizations of PAHs and MePAHs in SRM
1597a and will serve as a guide for future measurements of PAHs in environmental and petroleum
SRM samples.
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NORMAL-PHASE LIQUID CHROMATOGRAPHY
RETENTION BEHAVIOR OF POLYCYCLIC AROMATIC SULFUR
HETEROCYCLES AND ALKYL-SUBSTITUTED POLYCYCLIC
AROMATIC SULFUR HETEROCYCLE ISOMERS ON AN
AMINOPROPYL STATIONARY PHASE
4.1

Introduction
Retention indices for 67 polycyclic aromatic sulfur heterocycles (PASHs) and 80 alkyl-

substituted PASHs were determined using normal-phase liquid chromatography (NPLC) on a
aminopropyl (NH2) stationary phase. The retention behavior of PASH on the NH2 phase is
correlated with the number of aromatic carbon atoms and two structural characteristics were found
to have a significant influence on their retention: non-planarity (thickness, T) and the position of
the sulfur atom in the bay-region of the structure. Correlations between solute retention on the
NH2 phase and T of PASHs were investigated for three cata-condensed (cata-) PASH isomer
groups: (a) 13 four-ring molecular mass (MM) 234 Da cata-PASHs, (b) 20 five-ring MM 284 Da
cata-PASHs, and (c) 12 six-ring MM 334 Da cata-PASHs. Correlation coefficients ranged from r
= -0.49 (MM 234 Da) to r = -0.65 (MM 334 Da), which were significantly lower than structurally
similar PAH isomer groups (r = -0.70 to r = -0.99). The NPLC retention behavior of the PASHs
are compared to similar results for PAHs.



Adapted from Analytical and Bioanalytical Chemistry, 410, W.B. Wilson, H.V. Hayes, L.C.
Sander, A.D. Campiglia, S.A. Wise, Normal-phase liquid chromatography retention behavior of
polycyclic aromatic sulfur heterocycles and their alkyl-substituted polycyclic aromatic sulfur
heterocycle isomers on an aminopropyl stationary phase, pp. 1511-1524. Copyright 2017, with
permission from Springer Nature.
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4.2

Experimental

4.2.1 Chemicals
HPLC grade n-hexane and dichloromethane (DCM) were purchased from Fisher Scientific
(Pittsburgh, PA, USA). The following PAHs and PASHs were purchased from commercial sources
with high purity (>95%): dibenzothiophene (DBT) (Acros Organics, Springfield, NJ); 1-, 2-, and
4-MeDBT, 2,8- DiMeDBT, 1,4,7-, 3,4,7-, 2,3,7-, 2,3,8-, 2,4,7-, 2,4,8-, 2,4,6,- and 1,3,7TriMeDBT (Jan Andersson, Munster, Germany); 2-EtDBT, 3-EtDBT, and 4-EtDBT (Chiron AS,
Trondheim, Norway); benzo[b]naphtho[1,2-d]thiophene (BbN12T), benzo[b]naphtho[2,1d]thiophene (BbN21T), benzo[b]naphtho[2,3-d]thiophene (BbN23T), benzo[a]anthracene (BaA),
benzo[b]chrysene (BcC), and dibenzo[b,k]chrysene (DBbkC) (BCR, Brussels, Belgium);
naphthalene (Nap), phenanthrene (Phe) (Fluka, Buchs, Switzerland). The remaining PASHs were
synthesized in the laboratories of Milton Lee Laboratories at Brigham Young University (Provo,
UT).

4.2.2 Normal-phase liquid chromatography
The NPLC retention data was collected using a liquid chromatograph (1200 series, Agilent
Technologies, Avondale, PA) coupled to a UV-vis detector (UV2000, Thermo Scientific,
Waltham, MA). The instrument was computer controlled using commercial software
(Chromeleon, Thermo Scientific). Separations were carried out on an NH2 analytical column
purchased from Waters (Milford, MA) with the following characteristics: 25.0 cm length, 4.6 mm
inner diameter, and 5 µm average particle diameters. All measurements were made with a mobile
phase of 98 % n-hexane and 2 % DCM, 1.0 mL/min flow rate, no column temperature applied,
and a UV-vis wavelength of 254 nm. The retention index (log I) values were calculated according
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to the previous Eq. (2.1) based on previously published methods using the following index
markers: (2) Naph, (3) Phe, (4) BaA, (5) BbC, and (6) DBbkC.1
The chromatographic parameters used to obtain the log I values were not optimized to achieve
the best separation. These conditions were chosen to study the retention characteristics for a large
group of PASHs and allow for retention comparisons with PAHs obtained under the same
conditions.2 The log I values are based on three chromatographic runs obtained from reference
standards with a standard deviation of less than or equal to ± 0.02. The log I values for two PASHs
were considered different if they were greater than ± 0.04 units apart. Baseline resolution of two
components could be achieved with a log I difference of ≈ 0.08 on the NH2 analytical column.

4.3

Results and Discussion
In previous studies, the NPLC retention behavior of PAHs on the NH2 phase has been shown

to be based on the number of aromatic carbon atoms.2 The non-planarity of cata-PAHs due to the
presence of a bay-region in the molecular structures was responsible for significant differences in
retention of isomeric PAHs. The NPLC retention data for PAHs was used to develop a strategy for
fractionation of a complex PAH mixture from coal tar as reported by Wilson et al. 2 Herein, we
report a similar investigation for 67 parent PASHs and 80 alkyl-substituted PASHs. The molecular
mass (MM), number of aromatic carbon atoms, molecular thickness (T), and NPLC retention
indices (log I) for the three-, four-, five-, six-, and seven-ring PASHs are summarized in Table 4.1.
The T values in Table 4.1 were calculated using a procedure described previously.3-4 The retention
indices in Table 4.1 represent the most extensive compilation of NPLC retention data for PASHs
on the NH2 phase published to date. A plot of the average log I values on the NH2 phase vs. the
number of aromatic carbon atoms is shown in Figure 4.1a with a correlation coefficient of r =
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0.995. The variations in the retention behavior of PASHs within the same number of aromatic
carbon atoms (i.e., isomers) are represented by the error bars in Figure 4.1a (standard deviation).
To illustrate the differences in retention, the correlation plot in Figure 4.1b shows the log I values
vs. the total number of aromatic carbon atoms for each of the 67 unsubstituted parent PASHs with
a correlation coefficient of r = 0.922. A similar comparison for 124 unsubstituted PAHs resulted
in correlation coefficients of r = 0.992 for the average log I values and r = 0.957 for the log I for
the individual PAHs.2
Table 4.1 NPLC retention indices for the parent and methyl-substituted PASHs.
PASHs

Abbreviation

Thickness (Å)

log Ia

4.06
4.16
4.06
4.07

2.75
2.88
3.02
3.13

Three-ring cata-PASHs: C12H8S, MM 184 Da, and 12 Aromatic Carbons
Dibenzothiophene
Naphtho[1,2-b]thiophene
Naphtho[2,1-b]thiophene
Naphtho[2,3-b]thiophene

DBT
N12T
N21T
N23T

Three-ring methyl-substituted cata-PASHs: C13H10S, MM 198 Da, and 12 Aromatic Carbons
1-Methyldibenzothiophene
2-Methyldibenzothiophene
3-Methyldibenzothiophene
4-Methyldibenzothiophene
2-Methylnaphtho[1,2-b]thiophene
4-Methylnaphtho[1,2-b]thiophene
5-Methylnaphtho[1,2-b]thiophene
6-Methylnaphtho[1,2-b]thiophene
7-Methylnaphtho[1,2-b]thiophene
8-Methylnaphtho[1,2-b]thiophene
9-Methylnaphtho[1,2-b]thiophene
1-Methylnaphtho[2,1-b]thiophene
2-Methylnaphtho[2,1-b]thiophene
4-Methylnaphtho[2,1-b]thiophene
5-Methylnaphtho[2,1-b]thiophene
6-Methylnaphtho[2,1-b]thiophene
7-Methylnaphtho[2,1-b]thiophene
8-Methylnaphtho[2,1-b]thiophene
9-Methylnaphtho[2,1-b]thiophene

1-MeDBT
2-MeDBT
3-MeDBT
4-MeDBT
2-MeN12T
4-MeN12T
5-MeN12T
6-MeN12T
7-MeN12T
8-MeN12T
9-MeN12T
1-MeN21T
2-MeN21T
4-MeN21T
5-MeN21T
6-MeN21T
7-MeN21T
8-MeN21T
9-MeN21T

4.24
4.21
4.21
4.21
4.33
4.20
4.22
4.23
4.21
4.21
4.23
4.23
4.21
4.21
4.22
4.21
4.21
4.21
4.24

Three-ring ethyl-substituted cata-PASHs: C14H12S, MM 212 Da, and 12 Aromatic Carbons
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2.69
2.73
2.75
2.65
2.88
2.86
2.86
2.93
2.92
2.95
2.93
2.93
3.02
2.99
3.07
2.92
3.01
3.04
2.97

PASHs
2-Ethyldibenzothiophene
3-Ethyldibenzothiophene
4-Ethyldibenzothiophene

Abbreviation
2-EtDBT
3-EtDBT
4-EtDBT

Thickness (Å)
4.22
4.23
4.23

log Ia
2.63
2.67
2.57

Three-ring dimethyl-substituted cata-PASHs: C14H12S, MM 212 Da, and 12 Aromatic Carbons
1,2-Dimethyldibenzothiophene
1,3-Dimethyldibenzothiophene
1,4-Dimethyldibenzothiophene
1,6-Dimethyldibenzothiophene
1,7-Dimethyldibenzothiophene
1,8-Dimethyldibenzothiophene
2,3-Dimethyldibenzothiophene
2,4-Dimethyldibenzothiophene
2,6-Dimethyldibenzothiophene
2,7-Dimethyldibenzothiophene
2,8-Dimethyldibenzothiophene
3,4-Dimethyldibenzothiophene
3,6-Dimethyldibenzothiophene
3,7-Dimethyldibenzothiophene
4,6-Dimethyldibenzothiophene

1,2-DiMeDBT
1,3-DiMeDBT
1,4-DiMeDBT
1,6-DiMeDBT
1,7-DiMeDBT
1,8-DiMeDBT
2,3-DiMeDBT
2,4-DiMeDBT
2,6-DiMeDBT
2,7-DiMeDBT
2,8-DiMeDBT
3,4-DiMeDBT
3,6-DiMeDBT
3,7-DiMeDBT
4,6-DiMeDBT

4.36
4.23
4.23
4.26
4.23
4.23
4.22
4.23
4.24
4.21
4.22
4.26
4.23
4.22
4.21

2.85
2.74
2.63
2.65
2.76
2.76
2.94
2.68
2.69
2.79
2.79
2.85
2.72
2.80
2.65

Three-ring trimethyl-substituted cata-PASHs: C15H14S, MM 226 Da, and 12 Aromatic Carbons
1,3,7-Trimethyldibenzothiophene
1,4,7-Trimethyldibenzothiophene
2,3,7-Trimethyldibenzothiophene
2,3,8-Trimethyldibenzothiophene
2,4,6-Trimethyldibenzothiophene
2,4,7-Trimethyldibenzothiophene
2,4,8-Trimethyldibenzothiophene
3,4,7-Trimethyldibenzothiophene

1,3,7-TriMeDBT
1,4,7-TriMeDBT
2,3,7-TriMeDBT
2,3,8-TriMeDBT
2,4,6-TriMeDBT
2,4,7-TriMeDBT
2,4,8-TriMeDBT
3,4,7-TriMeDBT

4.24
4.24
4.23
4.22
4.22
4.21
4.22
4.22

2.76
2.66
2.96
2.96
2.63
2.72
2.69
2.90

4.06

3.26

4.06
4.05
4.05
4.15
4.05
4.05
4.06
4.06
4.06
4.06

3.85
4.07
4.09
3.90
4.11
4.16
4.14
3.86
3.90
3.85

Four-ring peri-PASHs: C14H8S, MM 208 Da, and 14 Aromatic Carbon
Phenaleno[1,9-bc]thiophene

P19T

Four-ring cata-PASHs: C16H10S, MM 234 Da, and 16 Aromatic Carbons
Anthra[1,2-b]thiophene
Anthra[2,1-b]thiophene
Anthra[2,3-b]thiophene
Phenanthro[1,2-b]thiophene
Phenanthro[2,1-b]thiophene
Phenanthro[2,3-b]thiophene
Phenanthro[3,2-b]thiophene
Phenanthro[3,4-b]thiophene
Phenanthro[4,3-b]thiophene
Phenanthro[9,10-b]thiophene

A12T
A21T
A23T
P12T
P21T
P23T
P32T
P34T
P43T
P910T
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PASHs
Benzo[b]naphtho[1,2-d]thiophene
Benzo[b]naphtho[2,1-d]thiophene
Benzo[b]naphtho[2,3-d]thiophene

Abbreviation
BbN12T
BbN21T
BbN23T

Thickness (Å)
4.39
4.06
4.06

log Ia
3.54
3.46
3.69

Four-ring methyl-substituted cata-PASHs: C17H10S, MM 248 Da, and 16 Aromatic Carbons
1-Methylbenzo[b]naphtho[1,2-d]thiophene
2-Methylbenzo[b]naphtho[1,2-d]thiophene
3-Methylbenzo[b]naphtho[1,2-d]thiophene
4-Methylbenzo[b]naphtho[1,2-d]thiophene
5-Methylbenzo[b]naphtho[1,2-d]thiophene
6-Methylbenzo[b]naphtho[1,2-d]thiophene
8-Methylbenzo[b]naphtho[1,2-d]thiophene
9-Methylbenzo[b]naphtho[1,2-d]thiophene
10-Methylbenzo[b]naphtho[1,2-d]thiophene
11-Methylbenzo[b]naphtho[1,2-d]thiophene
1-Methylbenzo[b]naphtho[2,1-d]thiophene
2-Methylbenzo[b]naphtho[2,1-d]thiophene
3-Methylbenzo[b]naphtho[2,1-d]thiophene
4-Methylbenzo[b]naphtho[2,1-d]thiophene
5-Methylbenzo[b]naphtho[2,1-d]thiophene
6-Methylbenzo[b]naphtho[2,1-d]thiophene
7-Methylbenzo[b]naphtho[2,1-d]thiophene
8-Methylbenzo[b]naphtho[2,1-d]thiophene
9-Methylbenzo[b]naphtho[2,1-d]thiophene
10-Methylbenzo[b]naphtho[2,1-d]thiophene
1-Methylbenzo[b]naphtho[2,3-d]thiophene
2-Methylbenzo[b]naphtho[2,3-d]thiophene
3-Methylbenzo[b]naphtho[2,3-d]thiophene
4-Methylbenzo[b]naphtho[2,3-d]thiophene
6-Methylbenzo[b]naphtho[2,3-d]thiophene
7-Methylbenzo[b]naphtho[2,3-d]thiophene
8-Methylbenzo[b]naphtho[2,3-d]thiophene
9-Methylbenzo[b]naphtho[2,3-d]thiophene
10-Methylbenzo[b]naphtho[2,3-d]thiophene
11-Methylbenzo[b]naphtho[2,3-d]thiophene

1-MeBbN12T
2-MeBbN12T
3-MeBbN12T
4-MeBbN12T
5-MeBbN12T
6-MeBbN12T
8-MeBbN12T
9-MeBbN12T
10-MeBbN12T
11-MeBbN12T
1-MeBbN21T
2-MeBbN21T
3-MeBbN21T
4-MeBbN21T
5-MeBbN21T
6-MeBbN21T
7-MeBbN21T
8-MeBbN21T
9-MeBbN21T
10-MeBbN21T
1-MeBbN23T
2-MeBbN23T
3-MeBbN23T
4-MeBbN23T
6-MeBbN23T
7-MeBbN23T
8-MeBbN23T
9-MeBbN23T
10-MeBbN23T
11-MeBbN23T

5.28
4.21
4.21
4.22
4.22
4.21
4.21
4.21
4.21
4.99
4.23
4.21
4.21
4.23
4.22
4.29
4.23
4.21
4.21
4.21
4.24
4.21
4.21
4.20
4.21
4.22
4.21
4.21
4.22
4.24

3.40
3.60
3.55
3.59
3.60
3.47
3.49
3.59
3.61
3.42
3.48
3.52
3.51
3.51
3.49
3.42
3.44
3.49
3.53
3.41
3.64
3.68
3.73
3.61
3.67
3.71
3.74
3.71
3.69
3.70

4.05
4.05
4.05
4.05
4.10
4.05
4.06

3.96
4.05
3.67
4.32
4.28
3.89
4.20

Five-ring peri-PASHs: C17H10S, MM 258 Da, and 18 Aromatic Carbons
Benzo[1,2]phenaleno[3,4-bc]thiophene
Benzo[1,2]phenaleno[4,3-bc]thiophene
Benzo[2,3]phenanthro[4,5-bcd]thiophene
Benzo[4,5]phenaleno[1,9-bc]thiophene
Benzo[4,5]phenaleno[9,1-bc]thiophene
Chryseno[4,5-bcd]thiophene
Pyreno[1,2-b]thiophene

B12P34T
B12P43T
B23P45T
B45P19T
B45P91T
C45T
Py12T
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PASHs
Pyreno[2,1-b]thiophene
Pyreno[4,5-b]thiophene
Triphenyleno[4,5-bcd]thiophene

Abbreviation
Py21T
Py45T
TriP45T

Thickness (Å)
4.06
4.05
4.06

log Ia
4.41
4.16
3.94

Five-ring methyl-substituted peri-PASHs: C19H12S, MM 272 Da, and 18 Aromatic Carbons
1-Methylbenzo[2,3]phenanthro[4,5-bcd]thiophene
3-Methylbenzo[2,3]phenanthro[4,5-bcd]thiophene
5-Methylbenzo[2,3]phenanthro[4,5-bcd]thiophene
7-Methylbenzo[2,3]phenanthro[4,5-bcd]thiophene
9-Methylbenzo[2,3]phenanthro[4,5-bcd]thiophene

1-MeB23P45T
3-MeB23P45T
5-MeB23P45T
7-MeB23P45T
9-MeB23P45T

4.20
4.22
4.21
4.22
4.19

3.62
3.73
3.67
3.70
3.77

4.06
4.06
4.07
4.84
4.36
4.07
4.06
4.06
4.10
5.35
4.33
4.06
4.06
4.06
5.22
4.20
4.06
4.09
4.79
4.07

4.38
4.52
4.53
4.39
4.68
4.48
4.46
4.76
4.43
3.87
4.28
4.27
4.23
4.44
3.89
4.52
4.62
4.90
4.75
5.19

5.40
4.96
5.06
6.70
4.13
4.06
4.06
5.52
5.83
4.56
5.47

4.99
4.92
5.31
4.62
5.55
5.16
5.04
4.77
4.74
5.39
5.45

Five-ring cata-PASHs: C20H12S, MM 284 Da, and 20 Aromatic Carbons
Anthra[1,2-b]benzo[d]thiophene
Anthra[2,1-b]benzo[d]thiophene
Anthra[2,3-b]benzo[d]thiophene
Benzo[3,4]phenanthro[1,2-b]thiophene
Benzo[b]phenanthro[1,2-b]thiophene
Benzo[b]phenanthro[2,1-b]thiophene
Benzo[b]phenanthro[2,3-b]thiophene
Benzo[b]phenanthro[3,2-b]thiophene
Benzo[b]phenanthro[3,4-b]thiophene
Benzo[b]phenanthro[4,3-b]thiophene
Benzo[b]phenanthro[9,10-b]thiophene
Dinaphtho[1,2-b:1’,2’-d]thiophene
Dinaphtho[1,2-b:2’,1’-d]thiophene
Dinaphtho[1,2-b:2’,3’-d]thiophene
Dinaphtho[2,1-b:1’,2’-d]thiophene
Dinaphtho[2,1-b:2’,3’-d]thiophene
Dinaphtho[2,3-b:2’,3’-d]thiophene
Triphenyleno[1,2-b]thiophene
Triphenyleno[2,1-b]thiophene
Triphenyleno[2,3-b]thiophene

A12BT
A21BT
A23BT
B34P12T
BbP12T
BbP21T
BbP23T
BbP32T
BbP34T
BbP43T
BbP910T
DiN1212T
DiN1221T
DiN1223T
DiN2112T
DiN2123T
DiN2323T
TriP12T
TriP21T
TriP23T

Six-ring cata-PASHs: C24H14S, MM 334 Da, and 24 Aromatic Carbons
Benzo[b]benzo[5,6]phenanthro[1,2-d]thiophene
Benzo[b]benzo[5,6]phenanthro[2,1-d]thiophene
Benzo[b]benzo[5,6]phenanthro[2,3-d]thiophene
Benzo[b]benzo[5,6]phenanthro[4,3-d]thiophene
Benzo[b]chryseno[1,2-d]thiophene
Benzo[b]chryseno[2,1-d]thiophene
Benzo[b]chryseno[2,3-d]thiophene
Benzo[b]chryseno[4,3-d]thiophene
Benzo[b]triphenyleno[1,2-d]thiophene
Benzo[b]triphenyleno[2,1-d]thiophene
Naphtho[2,1-d]phenanthro[9,10-d]thiophene
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BbB56P12T
BbB56P21T
BbB56P23T
BbB56P43T
BbC12T
BbC21T
BbC23T
BbC43T
BbTriP12T
BbTriP21T
N21P910T

PASHs
Naphtho[2’,1’:3,4-d]phenanthro[1,2-b]thiophene

Abbreviation
NP12T

Thickness (Å)
5.76

log Ia
4.95

4.06
4.07

5.36
4.91

Seven-ring peri-PASHs: C24H12S, MM 332 Da, and 24 Aromatic Carbons
Diacenaphtho[1,2-b:1,2-d]thiophene
Naphtho[2’,1’,8’:3,4,5]pyreno[1,2-b]thiophene

DiAcen12T
NPy12T

Seven-ring cata-PASHs: C28H16S, MM 384 Da, and 28 Aromatic Carbons
Benzo[b]benzo[5,6]chryseno[1,2-d]thiophene
BbB56C12T
5.90
5.86
Benzo[b]benzo[5,6]chryseno[2,1-d]thiophene
BbB56C21T
5.25
5.90
Benzo[b]benzo[5,6]chryseno[4,3-d]thiophene
BbB56C43T
6.53
6.15
Diphenanthro[9,10-b:9’,10’-d]thiophene
DiP910T
5.66
5.16
a
The log I values presented here are the average obtained from triplicate measurements of each individual
standard.
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Figure 4.1 Plots of the number of aromatic carbon atoms vs. the average log I value for the PASHs
(a) and the log I value for each PASH (b). The uncertainty listed with each value is the standard
deviation for the average log I value for each set of aromatic carbon atoms.
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The retention differences among several isomeric cata-PASH groups were investigated and
compared with similar cata-PAH groups retention data.2 Correlations between cata-PASH
retention behavior of the four-ring MM 234 Da, five-ring MM 284 Da, and six-ring MM 334 Da
isomer groups and their similar cata-PAH isomer groups on the NH2 phase and their non-planarity
(T) are summarized in Table 4.2. The corresponding correlation plots of retention on the NH2
stationary phase vs. T for these cata-PASH isomer groups are shown in the Figure 4.2a – c. The
correlation coefficients for these isomer groups were r = -0.49, r = -0.55, and r = -0.65,
respectively, which are lower than correlation coefficients for corresponding cata-PAH isomer
groups. The calculated t-test values reported in Table 4.2 for the five- and six-ring isomers indicate
that a significant linear trend is present. As indicated in Figure 4.2 Plots of retention on the NH2
stationary phase vs. T values for the a) 13 MM 234 Da cata-PASH isomers, b) 10 MM 258 Da
peri-PASH isomers, and c) 20 MM 284 Da cata-PASH isomers., log I values plotted as a function
of T deviated significantly from a fitted linear relationship for the 11 four-, 13 five-, and 3 six-ring
planar isomers. The retention of planar cata-PASHs (∆log I = 0.70, 0.96, and 0.51) spanned a
wider range than cata-PAHs (∆log I = 0.08, 0.08, and 0.30). Correlation coefficients improve to 0.71 (five-ring) and -0.70 (six-ring) if the planar isomers are removed from consideration. A
significant correlation between retention and solute T is apparent for non-planar cata-PASHs
isomers. Other structural characteristics that may influence retention behavior of the cata-PASHs
will be discussed in the following sections.
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Table 4.2 Comparison of retention (log I) vs thickness (T) relationships for cata-PASH and cataPAH isomers.
Four-ring isomers
t-test (α = 0.95)
equation
r
n
df
tcrit
texp
Significant Trend

MM 228 Da PAHs
y = -0.24x + 4.95
-0.70
5
3
3.18
1.71
No

MM 234 Da PASHs
y = -1.17x + 8.69
-0.49
13
11
2.21
0.58
No

Five-ring isomers
t-test (α = 0.95)
equation
r
n
df
tcrit
texp
Significant Trend

MM 278 Da PAHs
y = -0.34x + 6.31
-0.99
11
9
2.16
23.45
Yes

MM 284 Da PASHs
y = -0.41x + 6.24
-0.55
20
18
2.10
3.35
Yes

Six-ring isomers
t-test (α = 0.95)
equation
r
n
df
tcrit
texp
Significant Trend

MM 328 Da PAHs
y = -0.40x + 7.56
-0.91
17
15
2.13
8.60
Yes

MM 334 Da PASHs
y = -0.24x + 6.29
-0.65
12
10
2.23
2.70
Yes
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Figure 4.2 Plots of retention on the NH2 stationary phase vs. T values for the a) 13 MM 234 Da
cata-PASH isomers, b) 10 MM 258 Da peri-PASH isomers, and c) 20 MM 284 Da cata-PASH
isomers.
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4.3.1 Three-ring PASHs
NPLC chromatograms obtained from individual reference standards of the three-ring cataPASHs are shown in Figure 4.3. The elution order is as follows: DBT, N12T, N21T, and N23T.
DBT is the only three-ring cata-PASH for which a structurally equivalent PAH, fluorene (Flu), is
available for comparison and its log I value was 2.72.2 DBT provided a log I value of 2.75
indicating the presence of the sulfur atom in place of a carbon atom had limited influence on the
retention behavior of DBT. The equivalent three-ring cata-PAH isomers corresponding to N12T,
N21T, and N23T are 1H-benz[e]indene, 3H-benz[e]indene, and 1H-benz[f]indene, respectively.
These PAHs have a carbon atom instead of a sulfur atom in the heterocyclic ring. Reference
standards are not available for these cata-PAH isomers. For this reason, comparisons will be
discussed here and throughout between PASHs and their structurally equivalent benzenoid PAHs
(Figure 4.4, Figure 4.5, and Figure 4.6).
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Figure 4.3 Normalized chromatogram overlays for each of the three-ring MM 184 Da cata-PASH
isomers.
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Figure 4.4 (a) Molecular structures of Phe, N12T, and N21T. (b) Molecular structures of three
DiMeDBT isomers with the methyl substitutions on neighbor carbon atoms. (c) Molecular
structures of six DiMeDBT isomers with the sulfur atom located in a bay-like-region of the
structure.
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Figure 4.5 Molecular structure comparison between the four-ring MM 228 Da cata-PAH isomers
and the four-ring MM 234 Da cata-PASH isomers.

Figure 4.6 Molecular structure comparison between the five-ring MM 252 Da peri-PAH isomers
and the five-ring MM 258 Da peri-PASH isomers.
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Phe (T = 3.89 Å) is the three-ring benzenoid PAH with a similar structure to both N12T (T
= 4.16 Å) and N21T (T = 4.06 Å). Despite the slight differences in the T values, Phe and N21T
have very similar retention behavior with log I values of 3.00 and 3.02, respectively.2 N12T elutes
earlier with a log I value of 2.88. The difference in the molecular structures of N12T and N21T is
the location of the sulfur atom. N12T has the sulfur atom located in the bay-region (position 1) of
the structure, and N21T has the sulfur atom located in position 3 of the structure (see Figure 4.4).
Anthracene (Ant) is a three-ring benzenoid PAH with a similar structure to N23T. Ant has a log I
value of 2.93 and elutes prior to Phe, but N23T elutes after the other three MM 184 Da isomers
with a log I value of 3.13. The presence of the sulfur atom in the linear structure of N23T appears
to strongly influence the later elution.
In the case of alkyl-substituted three-ring cata-PASHs, the following groups of isomers were
evaluated on the NH2 phase: (1) 4 MeDBT; (2) 7 of the eight possible MeN12T; (3) 8 MeN21T;
(4) 3 of the four possible EtDBTs; (5) 15 of 16 possible DiMeDBTs; and (6) 8 of 28 possible
TriMeDBTs. These alkyl-substituted PASHs have planar structures with T values ranging from
4.20 Å (4-MeN12T) to 4.36 Å (1,2-DiMeDBT). In the case of the MePASHs, the log I values are
relatively similar to log I values of the parent PASH due to their planarity. The elution order for
these isomers in comparison to DBT are 4-Me, 1-Me, 2-Me, and 3-Me/DBT. Similar retention
behavior was observed by Panda et al. previously on an NH2 phase.1 In the case of EtDBTs, these
isomers are less retentive than DBT (log I = 2.75) with log I values ranging from 2.57 to 2.67.
Two distinct trends were observed for the retention behavior of DiMeDBT isomers. Firstly,
the DiMeDBT isomers are more retentive on the NH2 phase when the two methyl groups are
attached to neighboring carbon atoms (1,2-, 2,3-, and 3,4-) of the molecular structure (see Figure
4.4). Secondly, the DiMeDBT isomers are less retentive on the NH2 phase when one of the two
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methyl groups are attached to position 4 or 6 (1,4-, 1,6-, 2,4-, 2,6-, 3,6-, and 4,6-) on the DBT
structure forming a bay-like-region to the molecular structure (see Figure 4.4). The only isomer
that does not follow this trend is 3,4-DiMeDBT, which follows the first trend indicating that the
methyl groups on the neighboring carbon atoms has a stronger influence on its retention behavior.
Panda et al. reported similar findings for the 2,4- and 4,6-DiMeDBT isomers on an NH2 phase.1
In the case of the TriMeDBTs, the same two distinct trends for the DiMeDBT isomer were
observed for the TriMeDBT isomers. 1,4,7-, 2,4,6-, 2,4,7-, and 2,4,8-TriMeDBT isomers (log I ≤
2.72) have the bay-like-regions in their structures and are less retentive than DBT. 2,3,7-, 2,3,8-,
and 3,4,7-TriMeDBT isomers (log I ≥ 2.90) have the two methyl groups attached on neighboring
carbon atoms in their structures and are more retentive than DBT. Panda et al. investigated the
retention behavior for 4 of the 6 TriMeDBT isomers included in the present study on NH2, TCP,
and β-CD phases. 1,4,6- and 1,4,8-TriMeDBT isomers were also included in their study.1 These
isomers have at least one methyl group adjacent to the sulfur atom forming a bay-like-region and
were less retentive on the NH2 phase in comparison to DBT. Similar retention behavior was
observed for the β-CD phase, but the TCP phase provided the opposite retention behavior with
DBT being less retentive than the TriMeDBT isomers.

4.3.2 Four-ring PASHs
P19T is the only peri-PASH with MM 208 Da included in this study and it is less retentive
than the four-ring cata-PASHs. NPLC chromatograms obtained from individual reference
standards of the four-ring cata-PASHs are shown in Figure 4.7. The four-ring cata-PASH isomers
with similar T values and base structures would be expected to have similar retention behavior on
the NH2 stationary phase. The following isomers can be grouped based on these criteria: (1)
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benzo[b]naphthothiophenes (BbNTs); (2) anthrathiophenes (ATs); and (3) phenanthrothiophenes
(PTs).
The three BbNT isomers were compared with PAHs with equivalent structural backbone
(Figure 4.5), i.e., 7H-benzo[c]fluorene (BcFlu), 11H-benzo[a]fluorene (BaFlu), and 11Hbenzo[b]fluorene (BbFlu). The BbNT isomers provided log I values ranging from 3.46 to 3.69 and
the log I values for the PAH isomers ranged from 3.68 to 3.73.2 In each comparison, PAHs were
more retained than corresponding PASHs. In the case of cata-PASH isomer, BbN12T and BbN21T
have the heterocyclic sulfur ring located in the same position as with the naphthalene structural
base. BbN12T is slightly non-planar with a T value of 4.39 Å due to steric hindrance caused by
the presence of the fjord-region in the structure. Despite the planarity difference, BbN21T (T =
4.06 Å) elutes prior to BbN12T on the NH2 phase. Unlike BbN12T, the sulfur atom in BbN21T is
located in the bay-region of the structure. This suggests that location of the sulfur atom may
influence retention to a greater degree than effects associated with solute shape.
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Figure 4.7 NPLC separation of the four-ring MM 234 Da cata-PASH isomers on the NH2
stationary phase.

Four-ring benzenoid cata-PAHs were used for comparisons when the equivalent PAH and
PASH pairs were not available (see Figure 4.5). The following PAHs were used for comparisons:
(1) BaA (T = 3.89 Å) with A12T, A21T, P23T, and P32T (T = 4.06 Å); (2) chrysene (Chr, T = 3.92
Å) with P12T and P21T (T = 4.15 Å and 4.05 Å, respectively); (3) naphthacene (Nap, T = 4.05 Å)
with A23T (T = 4.05 Å); (4) triphenylene (TriPhe, T = 4.37 Å) with P910T (T = 4.06 Å); and (5)
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benzo[c]phenanthrene (BcPhe, T = 4.99 Å) with P34T and P43T (T = 4.06 Å). For these
comparisons (1-4), the PASH with the sulfur atom located in or near the bay-region of the structure
eluted before the corresponding cata-PAH. For cata-PASHs with the sulfur atom not located in
the bay-region, these compounds eluted after the corresponding cata-PAH. In comparison 5, the
reduced retention of BcPhe relative to P34T and P43T can be attributed to the high degree of nonplanarity of the PAH. These observations indicate that the location of the sulfur atom in the bayregion of a four-ring cata-PASH plays a role in the retention mechanism. Reduced retention may
result from shielding of the sulfur atom in the bay-region that limit its interaction with the NH2
stationary phase.

Figure 4.8 NPLC separation of the methyl-substituted BbN12T isomers on the NH2 stationary
phase.
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In the case of the 30 methyl-substituted four-ring BbNTs, non-planarity also plays a
significant role in the retention for these MePASHs on the NH2 stationary phase. NPLC
chromatograms obtained from individual reference standards of the BbN12T and its 10 methylsubstituted isomers are shown in Figure 4.6. 1-Me and 11-MeBbN12T elute prior to BbN12T and
the remaining eight isomers on the NH2 stationary phase. This retention behavior can be attributed
to the steric hindrance of the methyl substitution as indicated by the larger T values. 1-MeBbN12T
elutes prior to 11-MeBbN12T because it is slightly more non-planar (T = 5.28 Å and 4.99 Å,
respectively).

4.3.3 Five-ring PASHs
NPLC chromatograms obtained from individual reference standards of the 10 five-ring
MM 258 Da peri-PASHs and 20 five-ring MM 284 Da cata-PASHs are shown in Figure 4.9 and
Figure 4.10, respectively. In the case of the peri-PASHs, planarity has no influence on the retention
behavior because all isomers have a T value of ≈ 4.06 Å. The peri-PASH isomers with similar
structural backbone would be expected to have similar retention behaviors on a NH2 phase. The
following isomer sets meet this criterion: (1) B45P19T and B45P91T; (2) B12P34T and B12P43T;
and (3) Py12T, Py21T, and Py45T. B45P19T and B45P91T have almost the same elution time but
B12P34T is almost baseline resolved from B12P43T. The main difference between these two
isomer groups is in the position of the sulfur atom in the heterocyclic ring. The sulfur atom is
located in the bay-region of B12P34T; this is not the case for B12P43T, B45P19T, and B45P91T.
For group 3, the sulfur atom is located in the bay-regions and these compounds elute earlier than
Py21T, which does not have the sulfur atom located in a bay-region. Similar to previous
discussions, the presence of the sulfur atom in a bay-region of the structure seems to make the
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isomers less retentive on the NH2 phase. Benzo[e]pyrene (BeP) and benzo[a]pyrene (BaP) are
five-ring benzenoid peri-PAHs used in this study for comparisons with the peri-PASH isomers
(see Figure 4.6). BeP has a log I value of 4.30 and provides the best structural match to B12P34T,
B12P43T, Py45T, and TriP45T, which have log I values of 3.96, 4.05, 4.16, and 3.94, respectively.
BaP has a log I value of 4.402 and provides the best structural match to B45P19T, B45P91T,
Py12T, Py21T, C45T, and B23P45T, which have log I values of 4.32, 4.28, 4.20, 4.41, 3.89, and
3.67, respectively. Most of the peri-PASH isomers are less retentive than the peri-PAHs except
for Py21T.

Figure 4.9 NPLC separation of the five-ring MM 258 Da peri-PASH isomers on the NH2
stationary phase.
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Figure 4.10 NPLC separation of the five-ring MM 284 Da cata-PASH isomers on the NH2
stationary phase.
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In the case of the five-ring cata-PASHs, there is a wider range of non-planarity with a total
of 13 isomers having T values ≈ 4.06 Å and seven isomers having T values ranging from 4.20 Å
(DiN2123T) to 5.35 Å (BbP43T). In a similar study for PAHs, the NPLC retention behavior for
11 of the 12 possible five-ring cata-PAH (MM 278 Da) isomers was evaluated using a NH2
stationary phase, which provided a distinct retention difference between the non-planar and planar
cata-PAHs.2 A good correlation was observed for a plot of retention on the NH2 phase vs. T of the
MM 278 Da isomers with a correlation coefficient of r = -0.99 (Table 4.2). In comparison, the
five-ring MM 284 Da cata-PASH isomers provided a lower correlation of r = -0.55 (Figure 4.2).
To understand the factors affecting their retention behavior besides non-planarity, the isomers are
grouped into four isomeric subsets based on structural similarities: (1) anthrabenzothiophenes
(ABTs); (2) benzo[b]phenanthrothiophenes (BbPTs); (3) dinaphthothiophenes (DNTs); and (4)
triphenanthrothiophenes (TriPTs). In the case of the three ABT isomers, A12BT is baseline
resolved and elutes prior to the co-eluting A21BT and A23BT. A12BT has the sulfur atom located
in the bay-region, while A21BT and A23BT do not have the sulfur atom located in the bay-region
of the structure. This retention behavior and elution order are identical to the four-ring ATs
discussed in Section 4.3.3. In the case of the seven BbPT isomers, BbP43T elutes first on the NH2
phase and has the highest degree of non-planarity with a T value of 5.35 Å. BbP910T and BbP12T
are slightly non-planar with a T ≈ 4.35 Å, but elute second and sixth on the NH2 phase, respectively.
From an examination of their structures, two main differences are apparent. Firstly, BbP12T has a
more linear structure than BbP910T. Secondly, BbP910T has the sulfur atom located in the bayregion of the structure and BbP12T does not have the sulfur atom in the bay-region. BbP23T,
BbP21T, and BbP34T have similar retention on the NH2 phase (3rd – 5th). In the case of the six
DiNT isomers, the NH2 stationary phase provided a baseline separation for four of the six isomers.
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With the exception of the highly non-planar DiN2112T (T = 5.22 Å), the three isomers with the
sulfur atom located in a bay-region of the molecule (DiN1221T, DiN1212T, and DiN1223T) eluted
prior to the two isomers with the sulfur atom not located in the bay-region (DiN2123T and
DiN2323T). Of the three isomers with a bay-region, DiN1223T is the most linear and this isomer
elutes 1 min later than DiN1221T and DiN1212T. In the case of the three TriPT isomers, a benzene
ring is added to the P910T structure between the Phe base and the heterocyclic ring. The three
isomers are baseline resolved over a 9 min interval. TriP21T elutes first because its high degree of
non-planarity (T = 4.79 Å). TriP12T has the sulfur atom located in the fjord-region of the structure
and elutes prior to TriP23T, which does not have the sulfur atom located in either a bay or fjordregion of the structure.

4.3.4 Six- and seven-ring PASHs
NPLC chromatograms obtained on the NH2 phase with individual reference standards of
the 12 six-ring MM 334 Da cata-PASHs are shown in Figure 4.11. Baseline resolution was
achieved for 9 of the 12 isomers on the NH2 phase over a 19 min time interval (19 – 38 min).
BbB56P21T, NP12T, and BbB56P12T were the only isomers with significant co-elution. BbC23T,
BbC21T, and BbC12T are the only six-ring cata-PASHs included in this study with planar
molecular structures (T ≈ 4.09 Å). Despite the planar similarities, BbC21T and BbC23T elute prior
to BbC12T by 7 and 10 min, respectively. Surprisingly, these two isomers also elute prior to the
following non-planar isomers: (1) BbB56P23T; (2) BbTriP21T; and (3) N21P910T. The nine nonplanar cata-PASHs included in this study have T values ranging from 4.56 Å (BbTriP21T) to 6.70
Å (BbB56P43T). This isomer group represents the largest number of highly non-planar PASH
isomers and T differences among all isomers sets. A plot of retention on the NH2 phase vs. T for
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the MM 334 Da isomers is shown in Figure 4.2, with a correlation coefficient of r = -0.65, which
is lower in comparison to the correlation coefficient of r = -0.913 for the six-ring MM 328 Da
cata-PAH isomers.

Figure 4.11 NPLC separation of the six-ring MM 334 Da cata-PASH isomers on the NH2
stationary phase.

NPLC chromatograms obtained on the NH2 phase with individual reference standards of
the seven-ring MM 332 Da and MM 384 Da PASH isomers are shown in Figure 4.12. In the case
of the MM 332 Da isomers, NPy12T elutes 8 min prior to Diacen12T despite the similar T values
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of ≈ 4.06 Å. In the case of the MM 384 Da isomers, DiP91T elutes ≈ 10 min prior to BbB56C12T
and Bb56C21T. BbB56C43T has the highest degree of non-planarity of the seven-ring PASHs
with a T value of 6.53 Å, but it elutes after the other three isomers. To more fully understand the
retention behavior of the seven-ring PASH isomers additional reference standards are required.

Figure 4.12 Normalized chromatogram overlays for each of the seven-ring MM 332 Da periPASH isomers and MM 384 Da cata-PASH isomers on the NH2 stationary phase.
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4.4

Conclusions
The NPLC retention behavior of 67 unsubstituted parent PASHs and 80 alkyl-substituted

PASHs on an NH2 stationary phase is reported, which represents the most extensive NPLC
retention data for PASHs available. Similar to PAHs, the primary retention mechanism for planar
PASHs on the NH2 phase is based on the number of aromatic carbon atoms in the structure.2 Nonplanar PASHs are shown to be less retentive than the corresponding planar isomers. Correlations
between the non-planarity (T) of three cata-PASH isomer groups and NPLC retention on the NH2
phase were reported with correlation coefficients of r = -0.49 (MM 234 Da), r = -0.55 (MM 284
Da), and r = -0.65 (MM 334 Da). In all three isomer groups, the correlation coefficients were
significantly lower than structurally similar PAH isomer groups, which have correlation
coefficients of r = -0.70 (MM 228 Da), r = -0.99 (MM 278 Da), and r = -0.91 (MM 328 Da). The
presence of the sulfur atom in a bay-region of the PASH structure resulted in the isomers being
less retentive than isomers with the sulfur atom not located in the bay-region, which partially
accounts for the differences in the correlation between the cata-PASH and cata-PAH isomer
groups. Similar observations were made for the alkyl-substituted PASHs when the sulfur atom
was in a bay-like-region of the structure.
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QUALITATIVE CHARACTERIZATION OF THREE
COMBUSTION-RELATED STANDARD REFERENCE MATERIALS
FOR POLYCYCLIC AROMATIC SULUR HETEROCYCLES AND
THEIR ALKYL-SUBSTITUTED DERIVATIVES VIA GAS
CHROMATOGRAPHY/MASS SPECTROMETRY
5.1

Introduction
The research described here provides the most comprehensive qualitative characterization

of three combustion-related standard reference materials (SRMs) for polycyclic aromatic sulfur
heterocycles (PASHs) and some alkyl-substituted (alkyl-) derivatives to date: SRM 1597a (coal
tar), SRM 1991 (coal tar/petroleum extract), and SRM 1975 (diesel particulate extract). An
analytical approach based on gas chromatography/mass spectrometry (GC/MS) is presented for
the determination of three-, four-, and five-ring PASH isomers and three- and four-ring alkylPASHs in the three SRM samples. The benefit of using a normal-phase liquid chromatography
(NPLC) fractionation procedure prior to GC/MS analysis was demonstrated for multiple isomeric
PASH groups. Using a semi-preparative aminopropyl (NH2) LC column, the three combustionrelated samples were fractionated based on the number of aromatic carbon atoms. The NPLCGC/MS method presented here allowed for the following identification breakdown: SRM 1597a –
35 PASHs and 59 alkyl-PASHs; SRM 1991 – 31 PASHs and 58 alkyl-PASHs; and SRM 1975 –
13 PASHs and 25 alkyl-PASHs. These identifications were based on NPLC retention data, the GC



Adapted from Analytical and Bioanalytical Chemistry, W.B. Wilson, H.V. Hayes, A.D.
Campiglia, S.A. Wise, Qualitative characterization of three combustion-related standard reference
materials for polycyclic aromatic sulfur heterocycles and their alkyl-substituted derivatives via
normal-phase liquid chromatography and gas chromatography/mass spectrometry, pp. 1-12.
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retention times of reference standards, and the predominant molecular ion peak in the mass
spectrum. Prior to this study, only 11, 1, and 0 PASHs/alkyl-PASHs had been identified in SRM
1597a, SRM 1991, and SRM 1975, respectively.

5.2

Experimental

5.2.1 Chemicals
The PASHs and alkyl-PASHs included in this study are listed in Table 5.1 and Table 5.2
with the abbreviations used in this paper. Molecular structures and sources for all PASHs and
alkyl-PASHs included in this study are published elsewhere.1-2 The SRMs included in this study
were obtained from the Office of Standard Reference Materials at NIST (Gaithersburg, MD, USA).
SRM 1597a is a complex mixture of PAHs in toluene isolated from a coal tar sample collected
from a medium crude coke oven. SRM 1991 is a complex mixture of PAHs isolated from a mixture
of coal tar and a petroleum extract in dichloromethane (DCM). SRM 1975 is a complex mixture
of PAHs extracted from a diesel particulate matter sample (SRM 2975) collected from an industrial
diesel-powered forklift. DCM (99.8 %) and n-hexane (98.5 %) were obtained from Fisher
Scientific (Pittsburgh, PAH, USA).

5.2.2 NPLC-GC/MS Analysis
The NPLC fractionation instrument, column, separation conditions, and fractionation
procedure are reported in an earlier study on the identification of PAHs and methyl-PAHs in SRM
1597a.3 The GC/MS instrument, column, and separation conditions are the same as reported
previously for the PASHs and alkyl-PASHs included in this study.1-2
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5.3

Results and Discussion
The qualitative characterization of the parent three-, four-, and five-ring PASHs via NPLC-

GC/MS is summarized in Table 5.1. The identification of the three- and four-ring alkyl-PASHs is
summarized in Table 5.2. Three criteria were used in the identification of the individual PASHs:
(1) the NPLC retention times of PASH reference standards on the semi-prep NH2 column, (2) GC
retention times of the PASH reference standards on the 50 % phenyl stationary phase (SLBPAHms), and (3) the predominant molecular ion peak in the mass spectrum.

Table 5.1 PASHs identification distribution in the complex matrices.

PASHs
Three-ring PASHs
DBT
N12T
N21T
N23T

Fraction

Coal Tar
SRM 1597a
SRM 1991

F3
F3
F3
F3

×
×
×
×

×
×
×
×

Four-ring peri-PASHs
P19T

F4

×

×

Four-ring cata-PASHs
A12T
A21T
A23T
P12T
P21T
P23T
P32T
P34T
P43T
P910T
BbN12T
BbN21T
BbN23T

F6
F7
F7
F6
F7
F7
F7
F6
F6
F6
F5
F5
F6

×
×
×
×
×
×
×
×
×
×
×
×
×

×
×
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×
×
×
×
×
×
×
×
×
×

Diesel
Particulate
Extract
SRM 1975
×
×
×

×

×

×
×
×

PASHs
Five-ring peri-PASHs
B12P34T
B12P43T
B23P45T
B45P19T
B45P91T
C45T
Py12T
Py21T
Py45T
TriP45T

Fraction

F7
F9
F6
F8
F8
F6
F7
F9
F7
F6

Coal Tar
SRM 1597a
SRM 1991

×
×
×
×a
×a
×
×
×
×
×

Diesel
Particulate
Extract
SRM 1975

×

×
×
×
×

Five-ring cata-PASHs
A12BT
F9
×
×
A21BT
F9
×
×
A23BT
F9
×
×
B34P12T
F9
BbP12T
F9
BbP21T
F9
BbP23T
F9
BbP32T
F9
BbP34T
F9
×
×
×
BbP43T
F8
BbP910T
F8
×
×
×
DiN1212T
F8
×
×
×
DiN1221T
F8
×
×
×
DiN1223T
F9
×
×
×
DiN2112T
F8
DiN2123T
F9
DiN2323T
F9
×
×
TriP12T
F10
TriP21T
F9
TriP23T
F10
a
Isomers sets are tentatively identified due to co-elution on the 50 % phenyl stationary phase.
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Table 5.2 Alkyl-PASHs identification distribution in the complex sample matrixes

PASHs
Three-ring PASHs
1-MeDBT
2-MeDBT
3-MeDBT
4-MeDBT
2-MeN12T
4-MeN12T
5-MeN12T
6-MeN12T
7-MeN12T
8-MeN12T
9-MeN12T
1-MeN21T
2-MeN21T
4-MeN21T
5-MeN21T
6-MeN21T
7-MeN21T
8-MeN21T
9-MeN21T
2-EtDBT
3-EtDBT
4-EtDBT
1,2-DiMeDBT
1,3-DiMeDBT
1,4-DiMeDBT
1,6-DiMeDBT
1,7-DiMeDBT
1,8-DiMeDBT
2,3-DiMeDBT
2,4-DiMeDBT
2,6-DiMeDBT
2,7-DiMeDBT
2,8-DiMeDBT
3,4-DiMeDBT
3,6-DiMeDBT
3,7-DiMeDBT
4,6-DiMeDBT
1,3,7-TriMeDBT

Fraction
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3
F3

Coal Tar
SRM 1597a
SRM 1991

Diesel
Particulate
Extract
SRM 1975

×
×
×
×
×
×

×
×
×
×
×
×

×
×
×
×
×
×
×
×
×

×
×
×
×
×
×
×
×
×

×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×

×
×
×
×
×

×
×
×

×
×
×
×
×
×
×
×
×
×
×
×
×
×

×
×
×
×
×
×
×
×
×
×
×
×
×
×
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×
×
×
×

PASHs
1,4,7-TriMeDBT
2,3,7-TriMeDBT
2,3,8-TriMeDBT
2,4,6-TriMeDBT
2,4,7-TriMeDBT
2,4,8-TriMeDBT
3,4,7-TriMeDBT

Fraction
F3
F3
F3
F3
F3
F3
F3

Coal Tar
SRM 1597a
SRM 1991
×

×

×
×
×

×
×
×

Diesel
Particulate
Extract
SRM 1975

×
×
×

Four-ring cata-PASHs
1-MeBbN12T
F5
×
×
2-MeBbN12T
F5
×
×
3-MeBbN12T
F6
×
×
4-MeBbN12T
F6
×a
×a
5-MeBbN12T
F6
×a
×a
6-MeBbN12T
F5
×
×
8-MeBbN12T
F5
×
×
9-MeBbN12T
F6
×
×
10-MeBbN12T
F6
×
×
11-MeBbN12T
F5
×
×
1-MeBbN21T
F5
×
×
b
2-MeBbN21T
F5
×
×b
b
3-MeBbN21T
F5
×
×b
4-MeBbN21T
F5
×
×
5-MeBbN21T
F5
×
×
6-MeBbN21T
7-MeBbN21T
8-MeBbN21T
F5
×
×
9-MeBbN21T
F5
×
×
10-MeBbN21T
F5
×
×
×
a
a
1-MeBbN23T
F6
×
×
2-MeBbN23T
F6
×
×
c
3-MeBbN23T
F6
×
×c
4-MeBbN23T
F6
×
×
c
6-MeBbN23T
F6
×
×c
7-MeBbN23T
F6
×
×
8-MeBbN23T
F6
×
×
9-MeBbN23T
F6
×
×
10-MeBbN23T
F6
×
×
11-MeBbN23T
a,b,c
Isomers sets are tentatively identified due to co-elution on the 50 % phenyl stationary
phase.
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The NPLC chromatograms for the fractionation of SRMs 1597a, SRM 1991, and SRM
1975 are shown in Figure 5.1a-c, respectively. Based on these chromatograms, the increased
sample complexity for PASHs can be identified in the following order: SRM 1597a > SRM 1991
> SRM 1975. SRM 1597a provided the largest number of identified PASHs (Table 1 and 2), which
included 35 non-substituted parent PASHs and 59 alkyl-PASHs. In SRM 1991, 31 non-substituted
parent PASHs and 58 alkyl-PASHs were identified, which indicates the similarities between the
two coal tar samples. For the diesel particulate extract (SRM 1975), only 13 non-substituted PASH
isomers and 25 alkyl-PASHs were identified. The following sections will discuss in detail the
PASHs identified in the three SRMs, differences in the PASH profiles between the coal tar and
diesel particulate samples, and the benefits of using NPLC fractionation prior to GC/MS analysis
for certain isomer groups.
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Figure 5.1 NPLC fractionation chromatogram of (a) SRM 1597a, (b) SRM 1991, and (c) SRM
1975 with UV-vis detection at 254 nm.
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5.3.1 Three-ring PASHs
The GC/MS chromatograms obtained for the three-ring MM 184 Da cata-condensed (cata) PASH isomers in the non-fractionated SRM samples are shown in Figure 5.2. DBT is the only
isomer reported in the COA for all three SRMs. N12T, N21T, and N23T are only reported in the
COA of SRM 1597a. DBT has a significantly higher concentration relative to the other three
isomers in SRM 1991 and SRM 1975. The GC/MS chromatograms obtained for the MM 198 Da
cata-MePASH isomers in the non-fractionated SRM samples are shown in Figure 5.3. A total of
17 methyl-substituted three-ring PASH isomers are identified in the two coal tar samples (SRM
1597a and SRM 1991) including 4 MeDBT isomers, 6 MeN12T isomers, and 7 MeN21T isomers.
In the case of 2-MeN12T, the isomer is almost completely co-eluting in the GC/MS chromatogram
using the 50 % phenyl phase. However, both isomers can be baseline separated when using an
ionic liquid GC stationary phase.2 The four MeDBT isomers were the only MM 198 Da PASHs
identified in the diesel particulate extract (SRM 1975).
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Figure 5.2 GC/MS chromatograms in SIM mode for the m/z 184 ion for the three non-fractionated
SRM samples.
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Figure 5.3 GC/MS chromatograms in SIM mode for the m/z 198 ion for the three non-fractionated
SRM samples.
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Figure 5.4 GC/MS chromatograms in SIM mode for the m/z 212 ion for the three non-fractionated
SRM samples.
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The GC/MS chromatograms obtained for the three-ring MM 212 Da DiMeDBT and ethylsubstituted (Et) DBT isomers in the non-fractionated SRM samples are shown in Figure 5.4. In the
case of SRM 1597a, 3 EtDBT isomers and 14 DiMeDBT isomers are identified. 1,2-DiMeDBT
was the only MM 212 Da PASH isomer not identified in the samples. Two isomer pairs, i.e. 3EtDBT/3,6-DiMeDBT and 1,8-/3,7-DiMeDBT, co-eluted on the 50 % phenyl stationary phase,
but confirmation of these isomers was obtained using a 50 % LC-DMPS stationary phase (data not
shown) that is able to separate these isomers.2 The relative signal of the DiMeDBT isomers is
significantly higher than the EtDBT isomers in the three SRMs. In the case of SRM 1597a, there
is a large presence of other chromatographic peaks which could possibly be from the DiMe isomers
of N12T, N21T, and N23T. Most of these peaks are not present in the GC chromatograms of SRM
1991 and 1975, which is partially expected with the significantly lower concentration observed for
the non-substituted parent compounds in these samples (Figure 5.4). The GC/MS chromatograms
obtained for the three-ring MM 226 Da TriMeDBT isomers in the three SRMs are shown in Figure
5.5. The 2,4,6-, 2,4,7-, and 2,4,8-TriMeDBT isomers were clearly identified in the three samples.
In the case of SRM 1597a, 2,3,7-TriMeDBT was identified but co-elutes with another unidentified
compound.
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Figure 5.5 GC/MS chromatograms in SIM mode for the m/z 226 ion for the three non-fractionated
SRM samples.
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5.3.2 Four-ring PASHs
The GC/MS chromatograms obtained for the four-ring MM 208 Da peri-condensed (peri) PASH isomers in the non-fractionated SRM samples are shown in Figure 5.6. P19T was
identified in SRM 1597a with a relatively strong signal, but P19T was identified in SRM 1991
slightly above the chromatographic noise and was not identified in SRM 1975. In the three
chromatograms, there is an asterisk representing the identification of one additional MM 208 Da
isomer that has a higher signal abundance than P19T. In the NPLC fractionation separation, the
unidentified MM 208 Da isomer eluted in F3 and P19T eluted in F4 with no significant
chromatographic improvement in the GC/MS chromatograms (Figure 5.7).

Figure 5.6 GC/MS chromatograms in SIM mode for the m/z 208 ion for the three non-fractionated
SRM samples.
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Figure 5.7 GC/MS chromatograms in SIM mode for the m/z 208 ion for the following samples:
(a) SRM 1597a, (b) F3, and (c) F4.
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The GC/MS chromatograms obtained for the four-ring MM 234 Da cata-PASH isomers in
the non-fractionated SRM samples are shown in Figure 5.8. A12T and BbN23T were the only two
isomers to co-elute on the 50 % phenyl stationary phase, but confirmation of these two isomers
was obtained using a 50 % LC-DMPS stationary phase (data not shown) that provides a baseline
separation for these two isomers.1 The three benzonaphthothiophenes have been reported in the
COA for SRM 1597a previously.4 In the current study, 10 additional MM 234 Da cata-PASH
isomers were identified that have not been reported previously. The GC/MS chromatogram for
SRM 1991 provided a profile similar to SRM 1597a except that A23T was not identified. BbN12T,
BbN21T, P43T, and P23T were the only MM 234 Da cata-PASH isomers identified in SRM 1975.
The GC/MS chromatograms obtained before and after NPLC fractionation for the 13 MM 234 Da
cata-PASH isomers in SRM 1597a are shown in Figure 5.9. Based on the retention behavior
reported by Wilson et al., these isomers eluted as expected in three different NPLC fractions.5
However, the NPLC fractionation procedure did not benefit the identification of this isomer group
for these samples since A12T and BbN23T eluted together in F6.
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Figure 5.8 GC/MS chromatograms in SIM mode for the m/z 234 ion for the three non-fractionated
SRM samples.
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Figure 5.9 GC/MS chromatograms in SIM mode for the m/z 234 ion for the following samples:
(a) non-fractionated SRM 1597a, (b) F5, (c) F6, and (d) F7.
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The GC/MS chromatograms obtained for the four-ring MM 248 Da cata-MePASH isomers
in the non-fractionated SRM samples are shown in Figure 5.10. In the case of SRM 1975, 10MeBbN21T was the only isomer identified in the GC/MS chromatogram. The GC/MS
chromatograms for SRM 1597a and SRM 1991 provided similar profiles with a total of 19 peaks
representing the presence of MM 248 Da cata-PASH isomers. The GC/MS chromatograms
obtained before and after NPLC fractionation for the MM 248 Da cata-MePASH isomers in SRM
1597a are shown in Figure 5.11. The NPLC fractionation only separated the isomers 1-MeBbN12T
and 7-MeBbN23T into F5 and F6, respectively. A total of 20 of the possible 30 isomers were
identified in SRM 1597a and 1991, while 7 additional co-eluting isomers were tentatively
identified (Table 2) based on the NPLC-GC/MS method.

181

Figure 5.10 GC/MS chromatograms in SIM mode for the m/z 248 ion for the three nonfractionated SRM samples.
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Figure 5.11 GC/MS chromatograms in SIM mode for the m/z 248 ion for the following samples:
(a) SRM 1597a, (b) F5, (c) F6, and (d) F7.
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5.3.3 Five-ring PASHs
The GC/MS chromatograms obtained for the five-ring MM 258 Da peri-PASH isomers in
the non-fractionated SRM samples are shown in Figure 5.12. There were 10 reference standards
available for this isomer group, which allowed for the identification of B23P45T, B12P34T, and
B12P43T based on their retention times. The remaining seven isomers were tentatively identified
based on the retention times of the reference standards; however, co-elution between the following
isomers sets would require NPLC fractionation prior to GC/MS analysis: (1) Py45T and TriP45T,
(2) C45T and Py12T, and (3) Py21T, B45P19T, and B45P91T. The GC/MS chromatograms
obtained before and after NPLC fractionation for the five-ring MM 258 Da peri-PASH isomers in
SRM 1597a are shown in Figure 5.13. In the case of set 1 and 2, TriP45T and C45T were identified
in F6, while Py45T and Py12T were identified in F7. In the case of set 3, B45P19T and B45P91T
were identified in F8 and By21T was identified in F9. After NPLC fractionation, 16 additional
MM 258 Da peri-PASH isomers were tentatively identified in SRM 1597a. B23P45T, Py45T,
TriP45T, C45T, and Py12T were identified in SRM 1991 and no MM 258 Da peri-PASH isomers
were identified in SRM 1975.
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Figure 5.12 GC/MS chromatograms in SIM mode for the m/z 258 ion for the three nonfractionated SRM samples.
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Figure 5.13 GC/MS chromatograms in SIM mode for the m/z 258 ion for the following samples:
(a) SRM 1597a, (b) F6, (c) F7, (d) F8, and (e) F9.
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Figure 5.14 GC/MS chromatograms in SIM mode for the m/z 284 ion for the three nonfractionated SRM samples.
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The GC/MS chromatograms obtained for the five-ring MM 284 Da cata-PASH isomers in
the non-fractionated SRM samples are shown in Figure 5.14. There were 20 reference standards
available for this isomer group, which allowed for the identification of DiN1221T, BbP34T, and
DiN1223T in all three SRM samples. A21BT, A12BT, A23BT, and DiN2323T were only
identified in SRM 1597a and SRM 1991. Due to co-elution, BbP910T and DiN1212T were
tentatively identified in the GC/MS chromatograms of all three SRMs.
The GC/MS chromatograms obtained before and after NPLC fractionation for the five-ring
MM 284 Da cata-PASH isomers in SRM 1597a are shown in Figure 5.15. DiN1221T, BbP910T,
and DiN1212T were identified in F8. BbP910T and DiN1212T eluted in the same NPLC fraction
as expected based on the previously published NPLC retention data.5 A21BT, A12BT, BbP34T,
DiN1223T, A23BT, and DiN2323T were identified in F9. In the case of BbP34T and A23BT,
interfering chromatographic peaks were eliminated from the GC/MS chromatograms through the
NPLC fractionation. Both interfering peaks (1 and 6) were identified in F10. The NPLC
fractionation of SRM 1597a prior to GC/MS analysis permitted tentative identification of 21
potential MM 284 Da cata-PASH isomers.
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Figure 5.15 GC/MS chromatograms in SIM mode for the m/z 284 ion for the following samples:
(a) SRM 1597a, (b) F8, (c) F9, (d) F10, and (e) F11.
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5.4

Conclusions
The research is the most extensive qualitative characterization of isomeric PASHs and alkyl-

PASHs in three combustion-related SRMs: 1597a (coal tar), 1991 (coal tar/petroleum extract), and
1975 (diesel particulate extract) to date. The combination of NPLC fractionation and GC/MS
allowed for the identification of 94, 89, and 38 PASHs/alkyl-PASHs in SRM 1597a, SRM 1991,
and SRM 1975, respectively. These identifications were based on GC retention data, NPLC
retention data, and the predominant molecular ion peaks. The NPLC fractionation procedure
increased the number of PASHs identified in the three SRM samples emphasizing its importance
for complete and accurate characterization of complex combustion-related samples. The coal tar
samples have similar PASH profiles in the GC/MS chromatograms. However, the diesel
particulate extract contained significantly lower number of PASHs. The NPLC-GC/MS method
presented here will serve as a guide for future quantitative measurements of PASHs in various
SRM samples.
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DETERMINATION OF POLYCYCLIC AROMATIC
HYDROCARBONS WITH MOLECULAR MASS 302 IN
STANDARD REFERENCE MATERIAL 1597A BY REVERSEDPHASE LIQUID CHROMATOGRAPHY AND STOP-FLOW
FLUORESCENCE DETECTION

6.1

Introduction
The identification of isomeric polycyclic aromatic hydrocarbons (PAHs) in complex

samples via reversed-phase liquid chromatography (RPLC) with fluorescence detection (FL)
is normally based on matching the chromatographic retention times of suspected peaks of
interest with reference standards. Since no spectral information is obtained during the
chromatographic run, the accurate identification of co-eluting PAHs with similar
chromatographic behaviors requires confirmation with additional chromatographic methods.
This is particularly true for the analysis of PAH isomers with the relative molecular mass (MM,
g/mol) 302. The work presented here explores the information content of room-temperature
fluorescence spectra for the analysis of PAHs with MM 302 in the Standard Reference Material
(SRM) 1597a. Fluorescence spectra were recorded under stop-flow conditions with the aid of
a commercial HPLC system. Of the 21 MM 302 PAHs known to be present in the SRM 1597a,
20 were tentatively identified based on retention times and the presence of 18 was confirmed
based on excitation and emission spectral profiles.



Adapted from Analytical Methods, H.V. Hayes, W.B. Wilson, L.C. Sander, S.A. Wise, A.D.
Campiglia, Determination of polycyclic aromatic hydrocarbons with molecular mass 302 in
standard reference material 1597a by reversed-phase liquid chromatography and stop-flow
fluorescence detection, pp. 2668-2675. Copyright 2018, with permission from Royal Society
of Chemistry.
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6.2

Experimental

6.2.1 Chemicals
SRM 1597a (Complex Mixture of PAHs from Coal Tar) was obtained from the Office
of SRMs at NIST (Gaithersburg, MD, USA). PAH reference standards were purchased from
three different sources: Bureau of Community Reference (BCR, Brussels, Belgium), Chiron
(Trondheim, Norway), and A. K. Sharma (College of Medicine and Department of
Pharmacology at Penn State University, Hershey, Pennsylvania). HPLC grade water,
acetonitrile, dichloromethane (DCM), and n-hexane were purchased from Fisher Scientific
(Pittsburgh, PA, USA).

6.2.2 Normal-phase liquid chromatography fractionation
The NPLC fractionation instrument, column, separation conditions, and fractionation
procedure are reported in an earlier publication using a NH2 semi-prep column from Waters
(Milford, MA) with the following characteristics: 25.0 cm length, 10 mm internal diameter,
and 5 µm average particle diameter.1 A total of 14 fractions were collected based on published
NPLC retention data for these PAHs.2

6.2.3 Reversed-phase liquid chromatography and stop-flow room-temperature
fluorescence spectra
RPLC analysis was performed using an Ultimate 3000 Dionex HPLC system (Thermo
Scientific, Sunnyvale, California) equipped with the following components: a pump, an UV
absorption detector, a FL detector, and an online degasser. The instrument was computer
controlled using commercial software (Chromeleon, Thermo Scientific). Separations were
carried out on a polymeric (Zorbax Eclipse PAH) C18 column purchased from Agilent
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(Avondale, PA) with the following characteristics: 25 cm length, 4.6 mm diameter, and 5 µm
average particle diameter. Separations were achieved using a 100 % acetonitrile mobile phase
and a flow rate of 1.5 mL/min. RTF spectra were recorded using a stop-flow function on the
instrument at the apex of each chromatographic peak. The analytical standard flow cell had a
cell volume of 8 µL. The excitation source was a xenon flash lamp with broadband illumination
from 200 nm to 880 nm. The excitation and emission monochromators have the same spectral
bandwidth (20 nm), accuracy (± 2 nm), and repeatability (± 0.2 nm). The fluorescence detector
can measure up to four channels with independent parameters simultaneously. A single channel
detection with a max data collection rate of 100 Hz was selected for the collection of RTF
spectra. A programmable filter wheel consisting of five wavelengths was utilized throughout
the analysis. Detection was made with a photomultiplier tube with spectral response from 200
nm to 800 nm.

6.2.4 Gas chromatography/mass spectrometry
Mass spectra of the MM 302 PAHs were obtained using a GC/MS method published
previously using a 50 % phenyl stationary phase (SLB-PAHms) obtained from Supelco
(Bellefonte, PA) with the following characteristics: 60.0 m length, 0.25 mm internal diameter,
and 0.25 µm film thickness.1
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6.3

Results and Discussion

6.3.1 Room-temperature fluorescence spectra
FL spectroscopy is a highly selective and sensitive detection method for LC and has
been widely applied in the determination of PAHs in environmental3-8 and combustion-related
samples.9-15 Most applications are based on the acquisition of retention times using a single or
a multiple set of excitation and emission wavelengths throughout the entire chromatogram.
Since no spectral information is obtained at each chromatographic peak, peak assignment is
solely based on retention times. To obtain unambiguous identification of fluorophores of
interest and confirmation of peak purities for calibration purposes, analysts are required to
perform further analyses of RPLC fractions via GC/MS.9-10, 14 In the case of MM 302 PAHs,
however, confirmation in RPLC fractions requires multiple GC/MS measurements using
stationary phases with different selectivities.12, 16 This is due to the virtually identical mass
fragmentation patterns of MM 302 PAH isomers (see Figure 6.2 for mass spectra of BaPer,
DBalP, N12eP, and N23kF) which prevent confirmation on the bases of a single GC separation.
Previous publications on the FL properties of MM 302 PAHs have shown distinctive
spectral profiles. In previous studies, Campiglia and co-workers developed methodology for
the analysis of DBalP, DBaeP, DBaiP, DBelP, DBahP and N23aP in environmental extracts
on the bases of spectral and lifetime data.9,

17-21

Fluorescence spectra and lifetimes were

recorded from n-octane solutions at liquid nitrogen (77 K) and liquid helium (4.2 K)
temperatures. The spectral resolution achieved under Shpol’skii conditions provided
vibrational fingerprints for the determination of the six isomers with or without previous RPLC
separation. Single exponential time decays obtained at the maximum fluorescence
wavelengths of the isomers confirmed the lack of spectral interference from concomitants in
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the sample. The comparison of fluorescence lifetimes to those recorded from pure standards
provided an additional parameter for the unambiguous identification of each isomer in the
studied samples.
In the present study, we investigate the qualitative potential of stop-flow RTF spectra
for the analysis of 23 MM 302 isomers in NPLC fractions from a complex coal tar sample
(SRM 1597a). Excitation and emission spectra were recorded in the stop-flow mode at the
maximum fluorescence intensities of chromatographic peaks with specific retention times. The
chromatographic retention times, excitation wavelengths, and emission wavelengths for the
studied PAHs are summarized in Table 6.1.
. Individual reference standards were measured using a 100 % acetonitrile mobile
phase, 1.5 mL/min flow rate, and 25 oC column temperature. These separation conditions were
selected based on published RPLC/FL methods11 and the obtain fluorescence spectra for PAHs
may change slightly using a different mobile phase such as methanol. The total time of spectral
collection at each chromatographic peak was approximately 10 s. The fluorescence spectra
recorded from individual reference standards of BaPer, DBalP, N12eP, and N23kF are shown
in Figure 6.1. Unlike the mass spectra in Figure 6.2, the excitation and emission spectra in
Figure 6.1 Excitation and emission spectra collected from individual reference standards for
BaPer, DBalP, N12eP, and N23kF. provide distinctive profiles for each one of the four isomers.

196

Figure 6.1 Excitation and emission spectra collected from individual reference standards for
BaPer, DBalP, N12eP, and N23kF.
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Figure 6.2 Mass spectra collected from individual reference standards for BaPer, DBalP,
N12eP, and N23kF.
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Table 6.1 Stop-flow excitation and emission wavelengths for the 23 MM 302 PAH isomers in acetonitrile.

PAHs
Benzo[a]perylene
Dibenzo[a,l]pyrene
Naphtho[1,2-e]pyrene
Dibenzo[b,e]fluoranthene
Dibenzo[j,l]fluoranthene
Naphtho[1,2-b]fluoranthene
Dibenzo[a,k]fluoranthene
Dibenzo[a,e]fluoranthene
Naphtho[2,1-b]fluoranthene
Naphtho[2,3-e]pyrene
Naphtho[1,2-a]pyrene
Dibenzo[a,e]pyrene
Naphtho[2,3-j]fluoranthene
Naphtho[1,2-k]fluoranthene
Benzo[b]perylene
Dibenzo[e,l]pyrene
Dibenzo[b,k]fluoranthene
Naphtho[2,3-b]fluoranthene
Naphtho[2,1-a]pyrene
Dibenzo[a,i]pyrene
Naphtho[2,3-a]pyrene
Naphtho[2,3-k]fluoranthene
Dibenzo[a,h]pyrene
a

Abbreviations
BaPer
DBalP
N12eP
DBbeF
DBjlF
N12bF
DBakF
DBaeF
N21bF
N23eP
N12aP
DBaeP
N23jF
N12kF
BbPer
DBelP
DBbkF
N23bF
N21aP
DBaiP
N23aP
N23kF
DBahP

Retention Time
(min)
7.76 ± 0.12
8.41 ± 0.17
8.53 ± 0.29
10.59 ± 0.15
10.81 ± 0.17
11.88 ± 0.03
12.75 ± 0.07
12.82 ± 0.09
13.39 ± 0.08
13.57 ± 0.07
14.05 ± 0.09
14.83 ± 0.15
15.14 ± 0.04
15.52 ± 0.13
16.34 ± 0.14
17.01 ± 0.12
21.75 ± 0.24
22.80 ± 0.23
29.90 ± 0.03
42.45 ± 0.51
48.10 ± 0.33
55.49 ± 0.36
58.30 ± 0.89

Excitation Wavelengths
(nm)
238, 274, 462
245, 268, 297
249, 296, 357
251, 277, 300
239, 245
253, 279, 383
249, 269
249, 415
238, 246, 295
247, 296, 315
270, 298, 383
277, 294, 359
264, 287, 329
247, 289, 317
232, 253
268, 277, 359
248, 302, 386
251, 281, 314
247, 260, 382
239, 293, 387
247, 291, 418
264, 289, 331
249, 303

Maximum excitation and fluorescence wavelengths are indicated by underline.

.
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Fluorescence Wavelengths
(nm)
524, 555
428, 447
402, 416
406, 429
444, 471, 507
439
483, 512
490, 508
446
413, 433, 463
440, 455
402, 420
458, 481
435, 443
443, 470
389, 503, 524
413, 439
427, 450
420, 443
440, 465, 499
467, 484
458
455, 481

6.3.2 Reversed-phase liquid chromatography separation of MM 302 PAHs
In previous studies, Wise et al. separated 10 isomers with MM 302 using a polymeric C18
stationary phase, 100 % acetonitrile mobile phase, a flow rate of 1.5 mL/min, a column temperature
of 29 oC, a single UV wavelength detector, and a multi-wavelength FL detector.1 DBaeP, DBahP,
DBaiP, dibenzo[b,k]fluoranthene (DBbkF), N23aP, naphtho[2,3-e]pyrene (N23eP), naphtho[1,2k]fluoranthene (N12kF), naphtho[2,3-b]fluoranthene (N23bF), and N23kF were the only isomers
studied due to the limited number of authentic reference standards. In the present study, there were
a total of 23 MM 302 PAHs analyzed using the same chromatographic conditions except for the
column temperature. The column temperature was held constant at room temperature (25 oC) for
all separations presented here.
PAH detection was carried out in the UV detection mode at 254 nm, which is commonly
used in the literature for the determination of PAHs via RPLC/UV.2-4 The RPLC/UV
chromatogram obtained for the 23 MM 302 PAH isomers is shown in Figure 6.3. Naphtho[1,2b]fluoranthene (N12bF), DBaiP, N23kF, and DBahP were the only isomers to be baseline
separated. The remaining 19 isomers had either significant chromatographic interference from
other isomers or the sensitivity was too low to be detected at 254 nm. The following isomer sets
co-eluted in the RPLC separation and will be discussed below in detail: (1) DBalP, BaPer, and
N12eP; (2) dibenzo[j,l]fluoranthene (DBjlF) and dibenzo[b,e]fluoranthene (DBbeF); (3)
dibenzo[a,k]fluoranthene (DBakF) and dibenzo[a,e]fluoranthene (DBaeF); (4) N23eP and
naphtho[2,1-b]fluoranthene (N21bF); and (5) naphtho[2,3-j]fluoranthene (N23jF) and N12kF.
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Figure 6.3 Absorbance chromatograms obtained for the 23 MM 302 PAH isomers at 254 nm.
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The RPLC/FL chromatograms obtained for the 23 MM 302 PAH isomers are shown in
Figure 6.4. PAH detection was carried out using the following excitation/emission wavelengths:
(1) 281/423 nm, (2) 286/435 nm, (3) 248/402 nm, and (4) 290/475 nm. All excitation and emission
wavelengths selected correspond to a compromise among the maximum excitation and emission
wavelengths listed in Table 1. In several cases, the chromatographic peaks for individual PAHs
are present at multiple wavelengths, but the chromatogram that provided the highest fluorescence
intensity is labeled.

Figure 6.4 Fluorescence chromatograms obtained for the 23 MM 302 PAH isomers at multiple
wavelength conditions.
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Figure 6.5 Fluorescence chromatograms obtained for DBalP, N12eP, and BaPer at multiple
wavelength conditions.
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The RPLC/FL chromatogram shown in Figure 6.5a was obtained from a standard mixture
with DBalP, N12eP, and BaPer (isomer set 1) at the excitation and emission wavelengths of 281
nm and 423 nm, respectively. Under these conditions, BaPer could not be detected in the
chromatogram but DBalP and N12eP could be detected. The RPLC/FL chromatograms shown in
Figure 6.5b - d were obtained using optimal wavelengths for DBalP, N12eP, and BaPer,
respectively. Under these conditions, DBalP was identified in Figure 6.5b but with significant
contributions from N12eP. N12eP was identified in Figure 6.5c with minimal contribution from
DBalP. BaPer was identified in Figure 6.5d with no contribution from DBalP or N12eP. Similar
results were obtained for isomer set 2; i.e. the RPLC/FL chromatogram at the maximum emission
wavelengths of DBbeF (406 nm) and DBjlF (507 nm) with no interference from each other. Based
on previous work by Wilson et al. [9], the wavelengths selected for the RPLC/FL chromatograms
in Figure 6.4 did not include specific fluorescence wavelengths for DBjlF and DBbeF because
both isomers elute in different NPLC fractions of SRM 1597a. In the case of isomer set 3, 4, and
5, the co-eluting isomers have similar excitation and emission wavelengths that prevent their
selective determination.

6.3.3 Analysis of Standard Reference Material 1597a
SRM 1597a is a natural complex mixture of PAHs in coal tar that has been extensively
characterized for the identification and quantification of 21 MM 302 Da PAHs. Mass fraction
values for 17 of the 21 isomers were assigned based on the combination of RPLC/FL and GC/MS.5
Recently, Wilson et al. demonstrated the use of a detailed NPLC fractionation procedure to
simplify the complex sample matrix prior to GC/MS measurements.6 The NPLC fractionation
procedure was developed based on recently published retention data.7 The NPLC fractionation
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procedure included the collection of 14 fractions over 90 min. The MM 302 PAH isomers were
identified in three NPLC fractions with the following distribution: (fraction 10) N12eP, DBalP,
N12aP, and BaPer; (fraction 11) DBbeF, N23aP, DBaiP, and DBahP; and (fraction 12) N12bF,
N12kF, N23jF, N23bF, DBbkF, DBakF, DBjlF, N23kF, N23eP, DBaeP, N21aP, DBelP, and
BbPer. The identification of the MM 302 Da PAHs was based on NPLC and GC retention times
of pure reference standards. In the present study, the feasibility of using RPLC/FL and RTF spectra
for the identification of 21 MM 302 Da PAH isomers was investigated using the same NPLC
fractionation described previously.6

6.3.3.1 Fraction 10
The RPLC/FL chromatogram obtained with an excitation wavelength of 281 nm and
emission wavelength of 423 nm for fraction 10 is shown in Figure 6.6. The excitation and emission
spectra of DBalP, N12eP and N12aP inserted in Figure 6.6 were recorded from fraction 10 at the
retention times listed in Table 1. Comparison to the standard spectra in Figure 6.1 provides
evidence of the presence of the three isomers in the chromatographic fraction. In the case of DBalP,
approximately 1 nm and 4 nm shifts were observed in its maximum excitation and emission
wavelengths, respectively. The emission spectra recorded from the chromatographic peak show
two additional spectral peaks at 372 nm and 401 nm. These additional peaks could be attributed to
the presence of other FL components in fraction 10 such as PAHs and/or PASHs.6, 8 Similar
observations were made for N12eP and N12aP. As discussed earlier, the attempt to determine
BaPer at its maximum excitation (462 nm) and emission (524 nm) wavelengths provided no
indication of its presence in the chromatographic fraction (data not shown).
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Figure 6.6 Fluorescence chromatograms for fraction 10 of SRM 1597a at 281/423 nm and the
excitation and emission spectra of DBalP, N12eP, and N12aP.
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6.3.3.2 Fraction 11
The RPLC/FL chromatograms obtained at the four selected wavelengths for fraction 11 are
shown in Figure 6.7. The excitation and emission spectra recorded from reference standards of
DBbeF, DBaiP, N23aP, and DBahP (solid line) and from fraction 11 (dotted line) are shown in
Figure 6.8a - d, respectively. The excitation and emission spectra of N23aP in fraction 11 provided
an almost identical match to the reference spectra indicating no presence of interfering
components. In the case of DBbeF and DBaiP, the excitation and emission spectra from fraction
11 provided very similar profiles to their respective reference spectra. However, slight differences
can be observed between 275 – 300 nm in the excitation spectra of DBbeF and at 230 nm in the
excitation spectra of DBaiP. In the case of DBahP, its identification is made possible on the bases
of excitation spectra; its emission spectrum shows the contribution from other fluorophores of
unknown identity.
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Figure 6.7 Fluorescence chromatograms for fraction 11 of SRM 1597a at multiple wavelengths.
The asterisk label represents the PAHs that were identified with interfering components.
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Figure 6.8 Excitation and emission spectra collected from fraction 11 of SRM 1597a (dash line)
and reference standards (solid line): (a) DBbeF, (b) DBaiP, (c) N23aP, and (d) DBahP.
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6.3.3.3 Fraction 12
The RPLC/FL chromatograms obtained at the four selected wavelengths for fraction 12 is
shown in Figure 6.9. The excitation and emission spectra obtained from reference standards of
N12bF, DBaeP, BbPer, DBbkF, and N23bF (solid line) and from fraction 12 (dotted line) are
shown in Figure 6.10a - d, respectively. The excitation and emission spectra collected for N12bF,
DBbkF, DBaeP, BbPer, N23jF, and N23bF in fraction 12 matched their respective reference
spectra indicating the absence of interfering components. The excitation and emission spectra
collected for N21aP, DBjlF, DBelP, DBakF, N23eP, N12kF, and N23kF are shown in Figure A-1
– A-7 in Appendix A. N21aP. DBjlF, DBelP, and N23eP were identified based on their retention
times and excitation spectra. Their emission spectra showed clear interference from other
fluorophores in the chromatographic peak. DBakF was identified based on its retention time and
excitation/emission spectra with peaks at 483 nm and 512 nm; the peak at 532 nm shows significant
interference. The excitation spectra recorded from the chromatographic peak clearly indicates the
presence of interference. In the case of N12kF and N23kF, the excitation and emission spectra of
the chromatographic peak do not match their respective reference standard spectra. The excitation
and emission spectra recorded at the maximum wavelengths of N12kF clearly match the spectra
of N23jF. This is a strong indication of the absence of N12kF in the chromatographic peak.
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Figure 6.9 Fluorescence chromatograms for fraction 12 of SRM 1597a at multiple wavelengths.
The asterisk label represents the PAHs that were identified with interfering components.
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Figure 6.10 Excitation and emission spectra collected from fraction 12 of SRM 1597a (dash line)
and reference standards (solid line): (a) N12bF, (b) DBaeP, (c) N12kF, (d) BbPer, (e) DBbkF, and
(f) N23bF.
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6.4

Conclusions
Due to the similar chromatographic behaviors and virtually identical mass fragmentation

patterns, the unambiguous determination of PAH isomers with MM 302 in SRMs calls for the
combination of NPLC, RPLC and GC/MS. Isomer identification is based on NPLC, RPLC, and
GC retention times and predominant mass ion peaks.5-6 The method presented here adds a new
layer of qualitative information to the chromatographic analysis of MM 302 PAHs. We have
shown that recording excitation and emission spectra for suspected RPLC chromatographic peaks
for MM 302 PAHs in NPLC fractions allowed for their positive identification in SRM 1597a. Of
the 21 MM 302 PAHs previously identified in SRM 1597a, only N12kF and N23kF could not be
confirmed on the bases of excitation and/or emission spectra.5-6 BaPer could not be identified either
chromatographically or spectroscopically.
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CONCLUSIONS AND OUTLOOK
Polycyclic aromatic compounds such as PAHs, PASHs, and their methyl-derivatives are
an important class of environmental pollutants originating from a wide variety of natural and
anthropogenic sources. PACs have been detected in environmental and combustion-related
samples such as coal tar, diesel particulate matter, crude oil, air particulate matter, mussels, and
sediments. Studies have indicated that exposure to PACs can lead to an increased risk of cancer
and therefore classified as potential carcinogens and mutagens. For this reason, the U.S. EPA
classified 16 PAHs as priority pollutants in the 1970’s based on abundance in the environment and
commercial availability of authentic reference standards. However, recent efforts in examining
PAC toxicity shows that the total carcinogenic behavior of complex environmental matrices
extends well beyond the activity expressed from the 16 EPA-PAHs. Unfortunately, the routine
monitoring of the EPA-PAHs is not an accurate representation of the PAC composition of various
samples.
Traditional methods used to qualitatively and quantitatively determine PACs in complex
matrix samples have typically employed a combination of the following: extraction, cleanup by
solid-phase extraction, and GC/MS and/or RPLC/FL. Unfortunately, similar retention behavior
and nearly identical mass fragmentation patterns makes it challenging for isomeric identification.
For this reason, NPLC is now widely employed to separate complex PAC mixtures into fractions
based on the number of aromatic carbons using polar stationary phases such as an aminopropyl
column prior to GC/MS and/or RPLC/FL analysis. However, NPLC retention index values for
PACs have been limited although fractionation has shown to drastically clean up complex
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environmental matrices which aids in eliminating coeluting GC peaks with identical mass
fragmentation patterns.
Our work focuses on expanding the understanding of PAC NPLC retention behavior and
provide retention index values for over 300 PAHs, PASHs, and their methyl-derivatives,
collectively. By providing a comprehensive investigation of NPLC regarding aromatic
compounds, a NPLC fractionation procedure was developed to separate PACs in complex
environmental matrices into groups of isomers. The toxicity levels have been shown to strongly
depend on the molecular structure and vary significantly from compound to compound. Therefore,
the routine monitoring of these environmental pollutants requires unambiguous isomeric
identification.
The National Institute of Standards and Technology has developed a variety of natural
matrix SRMs for use in validating new and current analytical methodologies for the determination
of PAHs. The sample under investigation in this dissertation (SRM 1597a) is a complex mixture
of PAHs from coal tar for which mass fractions of individual PAHs of selected isomer groups have
been measured and included in the COA. Traditional GC/MS and RPLC/FL methods have been
used to determine PACs in SRM 1597a and other natural matrix SRMs for many decades at NIST
and have identified mass fraction values for 80 PACs in the current SRM 1597a Certificate of
Analysis. The developed NPLC fractionation procedure in this dissertation was used prior to
GC/MS analysis and qualitatively identified over 200 PACs in SRM 1597a which represents the
most comprehensive evaluation to date. The addition of the NPLC fractionation also helps meet
the current needs for methodologies with unambiguous PAC determination capabilities by proving
to completely isolate the most toxic PAH known to man (DBalP).
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Along with GC/MS, RPLC/FL has been at the forefront of environmental and toxicological
methodologies. The RPLC/FL been shown to provide excellent separation of isomeric PACs and
based on shape of the isomer. However, peak identification for PACs are made solely on retention
time comparisons with authentic reference standards. This is a major limitation for the analysis of
complex environmental matrices due to a high probability of coeluting concomitants with spectral
overlap. In this dissertation, PAHs with MM 302 Da are determined in the coal tar sample (SRM
1597a) via RPLC/FL with stop-flow 2D fluorescence spectra collection capabilities using a
commercially available HPLC system. The ability to collect 2D fluorescence spectra during a
RPLC separation allows for an additional method of PAH identification through the comparison
of unique spectral features to that of respective PAH standards. Not only are PAHs identified based
on maximum chromatographic peak retention times, additional spectral features provide insight
on peak purity.
Future work aims to help eliminate spectral interference in the 2D fluorescence spectra
collected during stop-flow conditions due to coelution and chromatographic peak impurities.
Initial studies have shown that incorporating stop-flow synchronous spectroscopy for the
identification of PAHs in chromatographic peaks help eliminate fluorescence spectral
interferences. Synchronous spectroscopy has spectral bandwidth narrowing capabilities as well as
simplifying fluorescence spectra. Low temperature laser excited time-resolved Shpol’skii
spectroscopy analysis of SRM 1597a RPLC fractions will also be investigated to assess the
emission lifetimes of the respective PAH chromatographic peaks. The advancement in liquid
chromatography techniques described in this dissertation will ultimately be applied to complex
environmental samples with unknown PAC compositions such as the Gulf of Mexico crude oil
from the Deepwater Horizon oil spill in 2010.
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APPENDIX A: EXCITATION AND EMISSION SPECTRA OF MM 302
DA PAH ISOMERS IN SRM 1597A NPLC FRACTION 12
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Figure A-1 Excitation and emission spectra collected from fraction 12 of SRM 1597a (dash line)
and DBjlF reference standards (solid line).
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Figure A-2 Excitation and emission spectra collected from fraction 12 of SRM 1597a (dash line)
and DBakF reference standards (solid line).
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Figure A-3 Excitation and emission spectra collected from fraction 12 of SRM 1597a (dash line)
and N23eP reference standards (solid line).
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Figure A-4 Excitation and emission spectra collected from fraction 12 of SRM 1597a (dash line)
and N23jF reference standards (solid line).

222

Figure A-5 Excitation and emission spectra collected from fraction 12 of SRM 1597a (dash line)
and DBelP reference standards (solid line).
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Figure A-6 Excitation and emission spectra collected from fraction 12 of SRM 1597a (dash line)
and N21aP reference standards (solid line).
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Figure A-7 Excitation and emission spectra collected from fraction 12 of SRM 1597a (dash line)
and N23kF reference standards (solid line).
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